Estimating burden of disease due to environmental factors with an emphasis on inadequate water, sanitation and hygiene by Wolf, Jennyfer
  
 
This copy of the thesis has been supplied on condition that anyone who consults it is understood to recognise that its copyright rests with the author and that use of any information derived therefrom must be in accordance with current UK Copyright Law. In addition, any quotation or extract must include full attribution. 
  
Estimating burden of disease due to 
environmental factors with an 
emphasis on inadequate water, 
sanitation and hygiene   
 
  
Jennyfer Wolf 
 
 
 
 
 
A thesis submitted for the degree of 
PhD by publication 
 
 
 
 
 
University of East Anglia 
School of Medicine 
Norwich, England 
September 2019 
2 
 
3 
Abstract 
Environmental risks, including inadequate water, sanitation and hygiene (WASH), are major determinants of health and are responsible for much of the world’s disease and deaths. Risk factor-attributable burden of disease assessments are important for prioritizing diseases and risk factors in policies and interventions. Risk factor exposure data and exposure-response information describing the association between the risk factor and the health outcome are used to calculate the population attributable fraction (PAF). The PAF signifies the proportion of ill health or deaths that could have potentially been prevented by removing the risk factor or by reducing it to an alternative level. It is used to calculate risk factor-attributable disease burden estimates. 
The research presented and summarized here focuses on disease burden estimation attributable to environmental risk factors, especially to inadequate WASH. It includes research that improved availability of population-level data on relevant exposures, extended previous exposure classifications, generated and updated exposure-response relationships and estimated disease burden attributable to a range of environmental risk factors and for various adverse health outcomes. Research evaluating environmental health interventions as well as research examining factors associated with heterogeneous effectiveness of WASH interventions complements this work.  
The presented work showed the great importance on health of environmental risk factors, provided important inputs for the monitoring of the Sustainable Development Goals (SDGs) and alternative methods and estimates to the Global Burden of Disease studies. It further highlighted the need for WASH interventions that lead to more radical WASH transitions, that target and reach whole communities and that consider response bias due to lack of blinding in subjectively assessed health outcomes. It further showed scarce evidence on the impacts on health of many environmental risk factors.  
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1 Introduction 
1.1 Background 
Environmental risks such as polluted air, water or soil are important determinants of human health (1). About a quarter of global disease burden is estimated to be attributable1 to environmental risk factors (3,4). Environmental pollution was estimated to be responsible for at least a three times higher disease burden than the burden resulting from the combined effect of AIDS, tuberculosis and malaria (5). The positive aspect about the high disease burden attributable to environmental risks is that most of these exposures could potentially be prevented with available methods, interventions and technologies (5).  
Inadequate water, sanitation and hygiene (WASH) are important environmental health risks. In 2017, an estimated 785 million people lacked even a basic drinking water service, i.e., drinking water from an improved source, provided collection time is not more than 30 minutes for a roundtrip including queuing (6). More than 2 billion people were lacking a basic sanitation service, i.e., did not use an improved sanitation facility that is not shared with other households (6). Twenty-nine percent of the global population did not use safely managed drinking water, i.e., drinking-water from an improved water source which is located on premises, available when needed and free from faecal and priority chemical contamination (6). Fifty-five percent were not using safely managed sanitation, i.e., a sanitation facility which is not shared with other households and where excreta are safely disposed in situ or transported and treated off-site (6). The World Health Organization (WHO) recently estimated that inadequate WASH was responsible for nearly 2 million deaths in 2016, with the linkages between WASH and many diseases not yet quantified (7).  
Disease burden estimation attributable to environmental exposures or risk factors raises awareness about the great importance of the environment for health. These                                                              
1 Throughout this critical analysis, “attributable” disease burden refers to the proportion of disease that could have potentially been prevented through removal of the risk factor or reducing it to an alternative level. Attributable disease burden here does not include so-called “etiologic cases” (2) which are disease cases that occurred earlier in time due to exposure (see discussion for additional detail). 
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assessments include as essential components the quantification of the exposure to environmental risk factors and of the exposure-response relationships linking the risk factors and health outcomes. They extend beyond single epidemiological studies in individual populations and translate scientific results into health impacts of the exposed group or in the total population (8). Disease burden assessments thereby assist in setting priorities and choosing those interventions or guidelines with the largest expected public health impact. Furthermore, these assessments can determine health-related performance of governments or policies allowing comparisons across locations, identify high-risk populations, project exposures and associated disease burden into the future, provide the means to estimate the cost-effectiveness of interventions and guide the allocation of resources for health research (5,8).  
1.2 Definition of environmental risk factors  
In the presented work, environmental risk factors are defined, following previous work, as “all the physical, chemical and biological factors external to a person, and all related behaviours, but excluding those natural environments that cannot reasonably be modified” (3,9,10). This definition excludes alcohol and tobacco consumption, diet, unemployment, and environmental risk factors that usually cannot be modified such as pollen (3). 
The focus of this work is on exposure to and health impacts from inadequate WASH. “Inadequate WASH” as used in this work spans a range of WASH services, behaviours and related health risks and includes especially drinking water and sanitation services and hygiene behaviours at household level (11,12). For specific health outcomes such as malaria, this definition includes water resources management (section 2.12 and (12)). Drinking water and sanitation service levels and presence of handwashing materials on premises are defined following the WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP) (13–15) and are listed in Appendix 1 (A1.1). 
1.3 Combining research on exposures and exposure-response 
relationships for risk factor-attributable disease burden estimation 
The preferred method for calculating risk factor-attributable disease burden in this work follows a standardized approach, called comparative risk assessment (16,17). Comparative risk assessment uses common summary measures of population health 
13 
such as deaths and disability-adjusted life years (DALYs) which can make results comparable between different populations or locations and open to scrutiny (8). Comparative risk assessments apply detailed exposure estimates and exposure-response relationships such as relative risks originating from systematic reviews of the available epidemiological evidence. These estimates are often disaggregated by location, sex and age group (18,19). Comparative risk assessments systematically evaluate changes in population health as a consequence of changing the exposure distribution of a risk factor (or group of risk factors) in the population (20). Where detailed exposure or exposure-response data were not available, disease burden estimates were calculated based on weaker exposure or exposure-response data, on knowledge of the disease transmission pathway or on expert opinion.  
For the calculation of the burden of disease attributable to a risk factor using comparative risk assessment, the three following data inputs are needed (8): 
1) the distribution of exposure to (different levels of) the risk factor of interest in the study population (Step A in Figure 1) 2) the exposure-response relationship between (different levels of) the risk factor and the health outcome(s) of interest (Step B in Figure 1) 3) overall disease statistics (e.g., deaths or DALYs in Figure 1) of the health outcome(s)  
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Figure 1: Simplified methodological approach and data requirements for disease burden estimation; p: population exposed, RR: relative risk, PAF: population attributable fraction, DALYs: disability-adjusted life years, * the PAF is usually calculated for population exposures and relative risks at different exposure levels (Equation 1), different PAF formulas are available, e.g., for the use of adjusted relative risks (Appendix 1 (A1.2))
The calculation of the risk factor-attributable disease burden requires the specification of a counterfactual minimum risk exposure level to which the current risk exposure and related disease burden are compared to. The counterfactual can be defined in various ways and includes the theoretical, the plausible, the feasible and the cost-effective minimum risk exposure levels (21). The theoretical minimum risk exposure level (or TMREL) presents the lowest population health risk which may not currently be attainable in practice and usually represents the preferred choice in burden of disease assessments. The plausible minimum risk exposure level represents what might be possible but not necessarily likely or feasible in the near future. The feasible minimum risk exposure level represents a level that has been observed in some population. Finally, the cost-effective minimum risk exposure distribution considers the costs of exposure reduction for guiding the choice of the alternative exposure scenario (21).  
Figure 1 shows in a simplified and systematic manner, how the exposure distribution of the risk factor and the exposure-response relationship between the risk factor and the disease are used to calculate the population attributable fraction (PAF, step C in Figure 1). The PAF signifies the proportion the disease that could – under specific assumptions – have been prevented if exposure to the risk factor was removed or reduced to analternative (counterfactual) level while other risk factors in the population remained
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unchanged (8,21). The assumptions that are made when estimating a PAF are that the risk factor and the outcome are causally related, the formerly exposed group immediately attains disease risk of the unexposed group after removal or reduction of the exposure and that the risk factor of interest is independent from other factors that influence disease risk (22). The PAF for burden of disease estimation is often calculated using the following formula: 
PAF = ∑  pj ⋅(RRj-1)nj=1
∑  pj ⋅�RRj-1�+1nj=1        (1) 
where 𝑝𝑝𝑗𝑗  is the proportion of the population exposed at exposure level 𝑗𝑗, 𝑅𝑅𝑅𝑅𝑗𝑗 is the relative risk at exposure level 𝑗𝑗 and n is the total number of exposure levels. It should be noted that other PAF formulas are available especially for the use of adjusted relative risks (see Appendix 1 (A1.2) and related discussion).  
WASH exposure levels and often also exposures to other environmental risks are related by similar mechanisms and policy interventions. The following formula has been proposed (18) and is used in this work for the estimation of the disease burden attributable to a cluster of risk factors (such as water, sanitation and hygiene together): 
 PAF = 1 - ∏ (1 - PAFr)Rr=1         (2) 
where r is the individual risk factor, and R the total number of risk factors accounted for in the cluster.  
The PAF is then multiplied with the overall disease burden of the health outcome to derive the risk factor-attributable disease burden (Step D in Figure 1). Overall disease burden and attributable disease burden are often assessed as number of deaths (or injuries) or DALYs. DALYs are summary measures including both mortality and morbidity that assess the difference between the current situation and an ideal situation in which everyone lives perfectly healthy up to the standard life expectancy (8,23). More information on the calculation of DALYs is given in Appendix 1 (A1.3).  
Limitations of risk factor-attributable disease burden assessments using comparative risk assessment methods include uncertainties in the different steps of the analysis process. These are uncertainties of assessing exposures, of estimating the exposure-response relationships and of disease burden calculation. Examples include the use of 
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proxies in exposure assessment, inadequate capturing of non-linear relations, issues around the generalizability of relative risk estimates from a source to a target population and the appropriate application of different PAF formulas (23–25). Many of these limitations are detailed in the discussion. 
1.4 Environmental risks and health – a history of global burden of disease 
assessments focusing on inadequate WASH  
Note: Some of the global burden of disease assessments listed here are part of the main research presented in this critical analysis (sections 2.2-2.12). In this case, they are linked to the respective sections.  
The first Global Burden of Disease study conducted for the year 1990 by the WHO in collaboration with the World Bank and the Harvard School of Public Health (26,27) examined the importance of ten risk factors. It provided the first global set of internally consistent disease burden estimates and introduced DALYs as a common health outcome metric (26,27). For estimating risk factor-attributable disease burden, epidemiological evidence and expert opinion were used (27). Poor water supply, sanitation and personal and domestic hygiene ranked second after malnutrition and was estimated to cause 7% of all DALYs in 1990 (26,27). In two subsequent analyses, environmental risks in general were estimated to be responsible for 23% (28) and 25-33% (10) of total DALYs in 1990. These two analyses differed regarding the number of disease categories addressed.  
The 1990 Global Burden of Disease study was updated by the WHO for the years 2000, 2001, 2002 (29) and 2004 (30). These updates introduced major changes for risk factor-attributable disease burden assessments such as the comparison of current exposure distributions compared to counterfactual exposure distributions defined as the theoretical minimum risk (27). Of 26 risk factors examined, six were environmental. The disease burden attributed to inadequate WASH was calculated using a scenario approach (31) which combined different types of access to water and sanitation facilities or WASH-related behaviours such as water treatment or personal hygiene. Six typical exposure scenarios were defined for which corresponding exposure-response relationships could be identified. Three exposure scenarios extended beyond improved water and improved sanitation facilities and included improved water quality, continuous piped water or regulated water supply. The first exposure scenario or the counterfactual exposure level was defined as the theoretical 
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minimum risk exposure level for which no diarrhoea transmission through inadequate WASH occurred. The assessment resulted in more than 2.2 million WASH-attributable deaths which represented 4% of all deaths in 1999 (31). However, none of the studies used for establishing the exposure-response relationships was blinded (27). Also, exposure-response relationships were based on different meta-analyses or even individual studies, thus constituting varying levels of quality of evidence (31). Exposure-response relationships might have therefore been influenced by bias and confounding at varying levels. The analysis was updated for the 2004 Global Burden of Disease study applying again the six exposure scenarios (32). It resulted in 1.9 million diarrhoeal deaths attributable to inadequate WASH representing 3.2% of global deaths in 2004 (32). Shortly after these assessments, the Environmental Burden of Disease Series was published by the WHO to provide practical guidance for conducting environmental burden of disease assessments at regional and national level (8). 
Additionally, a comprehensive WHO environmental burden of disease assessment built on the comparative risk assessment performed for the year 2002 (4). It complemented the 2002 assessment by including more environmental risks, by systematically reviewing a broad range of diseases and injuries for environmental causes, by consulting experts to fill data gaps on the links between environmental risks and adverse health outcomes and by considering only the “reasonably modifiable environment” to increase policy relevance of disease burden estimates (33). This assessment estimated that 24% of the global disease burden and 36% of the disease burden in children under 15 years of age was attributable to environmental risks (4). A WHO companion publication summarized the WASH-attributable global disease burden as 9% of the overall disease burden (34). The comprehensive WHO environmental disease burden assessment was updated for the year 2012 (3,9) with an update of data tables again for 2016 (35). The 2012 assessment is part of the research presented in this critical analysis (section 2.6).  
The 2010 Global Burden of Disease study was led by the Institute of Health Metrics and Evaluation (IHME) which was founded in 2007 (27). The comparative risk assessment for the 2010 Global Burden of Disease study analysed the disease burden of 67 risk factors and risk factor clusters (18). Inadequate water and sanitation (inadequate hygiene behaviours were not considered) fell significantly in ranking of relative importance of risk factors and was estimated to lead to only 337,000 deaths in 2010 and 0.9% of global DALYs (18). A major change of the comparative risk assessment of inadequate water and sanitation compared to previous global burden of disease 
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assessments included that only two exposure scenarios for each the water and sanitation assessment were considered. These were improved water or sanitation facilities compared to unimproved water or sanitation facilities. This decision was based on a systematic review and meta-analysis (36) that did not find health impacts from improving water quality, based on the subgroup of water quality studies that were blinded (27). By using improved sanitation and water facilities as minimum risk exposures, the Global Burden of Disease study 2010 did not consider key exposures such as hygiene and did also not consider water quantity, quality, access, continuity and reliability (27). Starting with the comparative risk assessment for the Global Burden of Disease study 2010, the IHME published burden of disease estimates attributable to a range of environmental risk factors including inadequate WASH for the years 2013, 2015, 2016 and 2017 (24,37–39). After the 2010 assessment, the IHME revised and extended their WASH exposure scenarios and estimates are now updated annually. 
The update for the year 2012 of the 2002 WHO burden of disease assessment from inadequate WASH (34) is included as main research in this critical analysis (section 2.5 (40)). This study differed from the previous WHO approach because of separate exposure scenarios for water, sanitation and hygiene. This was mainly due to the application of meta-regression techniques for deriving the exposure-response relationships (41). Compared to the Global Burden of Disease study 2010 by the IHME, exposure scenarios extended beyond improved water facilities and used safely stored drinking water that was filtered or boiled at household level as counterfactual exposure distribution (41). The latest WHO update for the WASH-attributable disease burden was conducted for the year 2016 and is also included in this critical analysis (section 2.12 (12)). Compared to the previous WHO assessment, it included additional exposure categories and a larger range of adverse health outcomes. 
1.5 Aims and objectives 
When I started to work on the research that is presented in this critical analysis, the main aim was to increase knowledge and awareness about the importance of environmental risks on human health. Accumulating evidence about the health impacts of environmental pollution and degradation such as climate change had highlighted the great importance of the subject and the need for additional evidence (e.g., (42–44)). When looking back on the whole body of research the main aim subsequently expands to increase the scope and to strengthen environmental burden of disease assessments with a focus on the burden of disease attributable to inadequate WASH. 
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This work has the following specific objectives: 
i) To generate, improve and update data on various WASH exposure levels (Step A in Figure 1). ii) To estimate exposure-response relationships between these exposure levels and selected health outcomes (Step B in Figure 1). iii) To calculate and update the PAFs for environmental risk factors and the related attributable burden of disease (Steps C and D in Figure 1).  iv) To evaluate the effectiveness of environmental health interventions and to explore factors associated with their effectiveness.  
20 
2 List and summary of main research  
2.1 Summary of included research 
The eleven peer-reviewed scientific articles that are selected as main research for this critical analysis are grouped below as i) exposure assessment, ii) exposure-response relationship estimation, iii) disease burden calculation, and iv) effectiveness evaluation of environmental health interventions (two papers contributed to two of these groups). Subsequently in sections 2.2 to 2.12, the papers are listed in chronological order to better represent my own development in this area of research. The complete publications of the eleven peer-reviewed articles are included in Appendix 2 (A.2.1), followed by the confirmation of my contributions (A.2.2). The full list of my publications can be found in Appendix 1 (A1.4).  
Exposure assessment  
• Wolf J, Bonjour S, Prüss-Ustün A (2013) An exploration of multilevel modelling for estimating access to drinking-water and sanitation. J Water Health, doi: 10.2166/wh.2012.107 
• Freeman MC, Stocks ME, Cumming O, Jeandron A, Higgins JP, Wolf J, Prüss-Ustün A, Bonjour S, Hunter PR, Fewtrell L, Curtis V. (2014) Hygiene and health: systematic review of handwashing practices worldwide and update of health effects. Trop Med Int Health, doi: 10.1111/tmi.12339 [also included under “Exposure-response relationship estimation”] 
• Wolf J, Johnston R, Freeman MC, Ram PK, Slaymaker T, Laurenz E, Prüss-Ustün A. (2018) Handwashing with soap after potential faecal contact: Global, regional and country estimates. Int J Epidemiol, doi: 10.1093/ije/dyy253 
• Wolf J, Johnston R, Hunter PR, Gordon B, Medlicott K, Prüss-Ustün A. (2018) A Faecal Contamination Index for interpreting heterogeneous diarrhoea impacts of water, sanitation and hygiene interventions and overall, regional and country estimates of community sanitation coverage with a focus on low- and middle-income countries. Int J Hyg Environ Health, doi: 10.1016/j.ijheh.2018.11.005 [also included under “Effectiveness evaluation of environmental health interventions”] 
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Exposure-response relationship estimation 
• Wolf J, Prüss-Ustün A, Cumming O, Bartram J, Bonjour S, Cairncross S, Clasen T, Colford JM Jr, Curtis V, De France J, Fewtrell L, Freeman MC, Gordon B, Hunter PR, Jeandron A, Johnston RB, Mäusezahl D, Mathers C, Neira M, Higgins JP. (2014) Assessing the impact of drinking water and sanitation on diarrhoeal disease in low- and middle-income settings: systematic review and meta-regression. Trop Med Int Health, doi: 10.1111/tmi.12331 
• Freeman MC, Stocks ME, Cumming O, Jeandron A, Higgins JP, Wolf J, Prüss-Ustün A, Bonjour S, Hunter PR, Fewtrell L, Curtis V. (2014) Hygiene and health: systematic review of handwashing practices worldwide and update of health effects. Trop Med Int Health, doi: 10.1111/tmi.12339 [also included under “Exposure assessment”] 
• Wolf J, Hunter PR, Freeman MC, Cumming O, Clasen T, Bartram J, Higgins JPT, Johnston R, Medlicott K, Boisson S, Prüss-Ustün A. (2018) Impact of drinking water, sanitation and handwashing with soap on childhood diarrhoeal disease: updated meta-analysis and meta-regression. Trop Med Int Health, doi: 10.1111/tmi.13051 
Disease burden calculation 
• Prüss-Ustün A, Bartram J, Clasen T, Colford JM Jr, Cumming O, Curtis V, Bonjour S, Dangour AD, De France J, Fewtrell L, Freeman MC, Gordon B, Hunter PR, Johnston RB, Mathers C, Mäusezahl D, Medlicott K, Neira M, Stocks M, Wolf J, Cairncross S. (2014) Burden of disease from inadequate water, sanitation and hygiene in low- and middle-income settings: a retrospective analysis of data from 145 countries. Trop Med Int Health, doi: 10.1111/tmi.12329 
• Prüss-Ustün A, Wolf J, Corvalán C, Neville T, Bos R, Neira M. (2016) Diseases due to unhealthy environments: an updated estimate of the global burden of disease attributable to environmental determinants of health. J Public Health, doi: 10.1093/pubmed/fdw085 
• Prüss-Ustün A, Wolf J, Bartram J, Clasen T, Cumming O, Freeman MC, Gordon B, Hunter PR, Medlicott K, Johnston R (2019) Burden of disease from inadequate water, sanitation and hygiene for selected adverse health outcomes: an updated analysis with a focus on low- and middle-income countries. Int J Hyg Environ Health, doi: 10.1016/j.ijheh.2019.05.004 
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Effectiveness evaluation of environmental health interventions 
• Hartinger SM, Lanata CF, Hattendorf J, Verastegui H, Gil AI, Wolf J, Mäusezahl D. (2016) Improving household air, drinking water and hygiene in rural Peru: a community-randomized–controlled trial of an integrated environmental home-based intervention package to improve child health. Int J Epidemiol, doi:10.1093/ije/dyw242 
• Wolf J, Mäusezahl D, Verastegui H, Hartinger SM. (2017) Adoption of clean cookstoves after improved solid fuel stove programme exposure: a cross-sectional study in three Peruvian Andean regions. Int J Environ Res Public Health, doi: 10.3390/ijerph14070745 
• Wolf J, Johnston R, Hunter PR, Gordon B, Medlicott K, Prüss-Ustün A. (2018) A Faecal Contamination Index for interpreting heterogeneous diarrhoea impacts of water, sanitation and hygiene interventions and overall, regional and country estimates of community sanitation coverage with a focus on low- and middle-income countries. Int J Hyg Environ Health. doi: 10.1016/j.ijheh.2018.11.005 [also included under “Exposure assessment”]  
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2.2 An exploration of multilevel modelling for estimating access to 
drinking-water and sanitation 
Research in context 
This research (45) developed a modelling approach for estimating access to improved drinking water and sanitation facilities by country and year. This model was the basis for subsequent modelling of various environmental and WASH exposures used for WASH-attributable burden of disease estimations (e.g., sections 2.4 (46), 2.5 (40), 2.10 (47), and 2.12 (12)).  
I contributed to the development of the analytical framework and the analysis model. I was responsible for the data analysis and for preparing the draft publication. 
Objectives 
To develop estimates for access to improved water sources and sanitation facilities using multilevel modelling. To compare these estimates to current estimates of the JMP and to propose an alternative approach for monitoring and evaluating progress on the Millennium Development Goals (MDGs).  
Main methods 
Improved water sources included piped water on premises, public taps or standpipes, boreholes, tubewells, protected dug wells, protected springs, and rainwater collection (48). Improved sanitation facilities included non-shared flush/pour flush to piped sewer system, to septic tank or to pit latrine, ventilated improved pit latrines, composting toilets or pit latrines with slabs (48). Household-level data on access to improved water sources and improved sanitation facilities from the JMP database were used (11). A two-level linear model with a logit transformation of the dependent variable (proportion of population with access to improved water sources or improved sanitation by country and year), region as a fixed effect covariate and a random intercept and slope by county was applied. Subsequently, water quality data from nationally representative and comparable water quality tests (Rapid Assessment of Drinking Water Quality, RADWQ) conducted by the JMP between 2004 and 2007 in five countries (Ethiopia, Jordan, Nicaragua, Nigeria and Tajikistan) (49) complemented by two similar assessments performed in China and India were used to adjust estimates of 
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access to improved water sources for water quality. Additionally, the proportion of the global population with access to improved, but shared sanitation was modelled using household survey data on access to shared sanitation from the JMP. 
Main findings 
It was estimated that the global proportion of the population without access to improved water sources declined from 23% in 1990 to 10% in 2015 while the absolute number of unserved people declined by only 40% globally. The global proportion of the population without access to improved sanitation declined from 50% to 34% while the number of unserved people declined by only a little more than 200 million people. Adjusting estimates for drinking water quality, the proportion of the world’s population without access to microbiologically safe water in 2015 increased to 30%. If shared sanitation facilities of an otherwise improved technology (see above under “Main methods”) were considered improved, only 23% of the world population would be classified as not having access to improved sanitation compared to 34% with the current classification. 
Strengths and limitations 
The strengths of multilevel modelling include a single model that produced continuous time series for all countries even in the presence of highly unbalanced data, e.g., countries with one or no data points. Limitations include the greater uncertainty of estimates when only limited country data were available (country estimates will be closer towards the model’s mean or the fixed part of the model). Such estimates might be far from the actual country values if WASH service delivery in one country developed differently from other countries from which information was used (50). In addition, the model did not allow fixing the coverage estimate for drinking water or sanitation for 1990 at a certain value. This 1990 estimate was used as baseline to define global WASH targets such as the envisaged percentage point increase of global population coverage with improved water or sanitation. The addition of survey points might have therefore resulted in different baseline estimates and subsequently fluctuating global targets (51). Access to hygiene infrastructure or hygiene behaviours was not included and estimates did not extent beyond improved water and sanitation facilities. Modelling of disaggregated improved facilities (e.g., piped water vs. other improved) could have been realized using ordinal regression modelling. Additionally, results were not disaggregated beyond countries and therefore did not show 
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differences and inequalities between areas and regions within individual countries. The adjustment of drinking water estimates for water quality were based on assessments on a limited number of countries and represented water quality measurements of different sources for one point in time.  
Contributions of the research 
The developed modelling approach contributed to the discussion of the JMP methodology for modelling facility access (51). It also formed the basis for subsequent exposure modelling for WHO risk factor-attributable burden of disease assessments and also for the monitoring of global targets and indicators. The analysis highlighted that, while meeting the MDG target for drinking water, global service provision was slower than population growth – leading to an increase of the unserved number of people in some world regions. The impact on MDG target achievement by taking drinking water quality and shared improved sanitation into account was shown. This highlighted the importance of further research and considerations of drinking water quality and shared sanitation.   
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2.3 Assessing the impact of drinking water and sanitation on diarrhoeal 
disease in low- and middle-income settings: systematic review and 
meta-regression 
Research in context 
This research (41) provided the exposure-response relationships (relative risks) between different levels of access to drinking water and sanitation or household water treatment and diarrhoeal disease. It thereby supplied an essential component for the WASH-attributable burden of disease assessment for the year 2012 (section 2.5 (40)). Section 0 (52) updates the systematic review for the burden of disease assessment for the year 2016 (section 2.12 (12)). 
I contributed to the development of the analytical framework for the burden of disease assessment from inadequate WASH. I extracted the relevant data from intervention studies and led on the data analysis. I was responsible for preparing the draft publication. 
Objectives 
To assess the impacts on diarrhoeal disease of access to different levels of drinking water sources and sanitation facilities or use of household water treatment. 
Main methods 
A systematic literature review was conducted to identify studies that reported the effects on diarrhoeal disease of drinking water or sanitation interventions that could be grouped within the developed conceptual WASH models. Studies evaluating specific WASH interventions at the level of the household using randomised and non-randomised study designs were included as well as survey data analyses using certain matching methods to permit causal inference. Studies targeting non-representative parts of the population (such as people with HIV) or studies with a reported intervention implementation or compliance below 20% of targeted households were excluded. Random-effects meta-analysis and meta-regression were used to examine the effects of different levels of drinking water or sanitation access or household water treatment on diarrhoea morbidity. In an additional analysis, some results were adjusted for bias in non-blinded intervention studies based on empirical evidence (53). 
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Main findings 
Sixty-one drinking water (75 total observations, six providing survey data) and eleven sanitation intervention (14 total observations, nine providing survey data) studies were included. The summary relative risks of diarrhoeal disease for the drinking water interventions were 0.66 (95% CI 0.60-0.71) and 0.72 (95% CI 0.56-0.88) for the sanitation interventions. Results from meta-regression suggested large diarrhoeal disease reductions for higher-quality piped water (relative risk 0.19 (95% CI 0.07-0.05)), filtered water that was safely stored in the household (relative risk 0.41 (95% CI 0.33-0.50), bias-adjusted relative risk 0.55 (95% CI 0.38-0.81)) and sewered sanitation (relative risk 0.31 (95% CI 0.27-0.36)) against the baseline of unimproved water or unimproved sanitation. 
Strengths and limitations 
The conceptual frameworks for the analysis of the different levels of drinking water and sanitation access and household water treatment were developed in collaboration with international WASH experts. Principles of network meta-analysis allowed the estimation of the relative risks for diarrhoea of transitions between exposure levels that had not been assessed in intervention studies. Some results were adjusted for likely bias due to non-blinding in interventions with subjective health outcomes (53,54). However, even though meta-regression is usually based on experimental studies, any identified associations are observational. As such meta-regression analyses do not have the weight of experimental studies (55). Results were from partly low quality intervention studies with imperfect compliance and implementation that differed considerably in terms of intervention implementation, and underlying pathogens, transmission pathways and populations. Results from household intervention studies might therefore underestimate the potential reduction of diarrhoeal disease burden that could be achieved through truly adequate WASH for all the population. Some pooled results were based on limited evidence and might therefore change with new evidence. Additionally, especially the sanitation observations included a large share of survey data analyses as data from intervention studies was scarce. 
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Contributions of the research 
This analysis showed that the amount of diarrhoeal disease reduction was highly dependent on the respective level of WASH improvement. This finding supports considering health effects of improving WASH beyond improved facilities such as increased water quality and continuity of improved water sources and improved sanitation connected to a sewer system. Prior to this study, the 2010 Global Burden of Disease study had considerably downgraded the importance of adequate WASH by approximating safe drinking water and sanitation through improved water and sanitation facilities and by not considering health impacts from improving hygiene behaviours (18). This approach has subsequently been changed and the Global Burden of Disease studies now include higher levels of WASH service provision which increased WASH-attributable disease burden estimates (38). This systematic review and meta-analysis still provides the data basis for relative risk estimates of the most recent Global Burden of Disease study (56).   
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2.4 Hygiene and health: systematic review of handwashing practices 
worldwide and update of health effects 
Research in context 
This research (46) provided the exposure-response relationships (relative risks) for hygiene behaviours, such as handwashing with soap, and diarrhoeal disease. It additionally provided global, regional and country prevalence estimates for handwashing with soap after potential faecal contact. It thereby supplied crucial components (dose-response relationships and exposure information) for the burden of disease assessment of inadequate WASH for the year 2012 (section 2.5 (40)). Section 0 (52) updates the systematic review of hygiene interventions and its impact on diarrhoeal disease and section 2.10 (47) updates estimates for handwashing with soap prevalence. 
I contributed to the development of the analytical framework for the burden of disease assessment from inadequate WASH. I led on the meta-analysis and meta-regression of hygiene promotion interventions. I contributed to the draft publication. 
Objectives 
To provide the first global, regional and country prevalence estimates for handwashing with soap after potential faecal contact. To update the exposure-response relationship between promotion of hygiene or handwashing with soap and diarrhoeal disease.  
Main methods 
Two systematic reviews were conducted to identify a) handwashing observation studies reporting the prevalence of observed handwashing with soap after using a toilet or after contact with excreta (including children’s excreta) and b) hygiene promotion interventions reporting the effect on diarrhoeal disease. For the latter, studies evaluating hygiene interventions at individual, household, community or institutional level using randomised and non-randomised study designs were included as well as survey data analyses using certain matching methods to permit causal inference. Studies targeting non-representative parts of the population (such as people with HIV) were excluded. Multilevel modelling was used to estimate handwashing practise at country, regional and global levels. Evidence of diarrhoeal disease impacts 
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from hygiene promotion interventions was pooled using random-effects meta-analysis and meta-regression. Results from non-blinded intervention studies were adjusted for likely bias.  
Main findings 
Based on 42 handwashing observation studies, it was estimated that 19% (95% CI 8%, 39%) of the world population wash hands with soap after potential faecal contact. Estimates ranged between 13% and 17% of the population in regions of low- and middle-income countries and 42% and 49% of the population in regions of high-income countries. Based on 26 hygiene promotion interventions (including one observation providing survey data), the pooled relative risk for diarrhoeal disease was 0.67 (95% CI 0.61, 0.74). In meta-regression, interventions focusing on the promotion of handwashing with soap yielded larger diarrhoea reductions (relative risk 0.60 (95% CI 0.53, 0.68)) which reduced to 0.77 (95% CI 0.32, 1.86) after adjustment for bias due to non-blinding.  
Strengths and limitations 
The systematic review on handwashing observation studies only included studies reporting observed handwashing. It excluded studies reporting self-reported hygiene behaviours which have been shown to considerably overestimate handwashing prevalence (57). Meta-regression allowed examining the effect on diarrhoea of different hygiene promotion strategies. However, even handwashing prevalence estimates from observed handwashing might be overestimated due to the presence of an observer (58). Limitations specific to the use of multi-level modelling and meta-regression analysis have already been discussed previously (sections 2.2 (45) and 2.3 (41)). 
Contributions of the research 
The systematic review and pooled analysis of observed handwashing prevalence was the first to provide country, regional and global estimates of observed handwashing with soap after potential faecal contact. It highlighted that handwashing with soap after potential faecal contact, an important and very cost-effective public health measure (59), was practised at low levels worldwide. The analysis of hygiene promotion interventions indicated that hygiene promotion focusing on handwashing with soap might have a larger effect on diarrhoeal disease than broader hygiene promotion. 
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Additionally, the analysis suggested that at least part of the observed health impact from hygiene promotion interventions might be due to reporting bias. Different to the Global Burden of Disease study which now uses presence of handwashing facilities as exposure (24), this research provided a closely matching exposure (prevalence of handwashing with soap) and exposure-response relationship (diarrhoea impacts from handwashing with soap promotion) for burden of disease estimation.  
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2.5 Burden of disease from inadequate water, sanitation and hygiene in 
low- and middle-income settings: a retrospective analysis of data from 
145 countries 
Research in context 
This research (40) provided WASH-attributable diarrhoeal disease burden estimates for the year 2012. It used WASH exposure estimates and exposure-response relationships from research presented previously (sections 2.3 (41) and 2.4 (46)). This assessment is updated in section 2.12 (12) for the year 2016.  
I contributed to the development of the analytical framework for the burden of disease assessment from inadequate WASH. I provided relevant data inputs for the analysis and reviewed the draft publication.  
Objectives 
To generate estimates of the diarrhoea burden attributable to inadequate WASH for the year 2012 with a focus on low- and middle-income settings.  
Main methods 
Comparative risk assessment methods combining exposure data and exposure response relationships with overall diarrhoeal disease burden figures were used to estimate the burden of disease attributable to inadequate WASH (17).  
Main findings 
Globally, 58% (95% CI 48%, 65%) of total diarrhoea deaths or 842,000 deaths were estimated to be attributable to inadequate WASH in 2012. Thirty-four percent (95% CI 16%, 45%) of total diarrhoea deaths were attributable to inadequate water and 19% (95% CI 7%, 29%) to inadequate sanitation in low- and middle-income settings. Twenty percent (95% CI 0%-60%) of total diarrhoeal deaths were attributable to inadequate hand hygiene. In children under five years of age, 361,000 WASH-attributable deaths were estimated, which represent 5.5% of all deaths in this age group in 2012.  
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Strengths and limitations  
The comparative risk assessment took account of additional risk reduction when water quality and quantity were further improved over improved sources such as high-quality and continuously available household piped water. The analysis was limited due to scarce exposure data, e.g., considering water quality and handwashing prevalence, and scarce exposure-response data, e.g., for a functional and regulated piped water supply. Further limitations are discussed in the sections describing research that provided data inputs for this assessment (sections 2.2 (45), 2.3 (41) and 2.4 (46)). The minimum risk exposure level for the disease burden estimation, i.e., boiling or filtering water with subsequent safe storage, improved sanitation and handwashing with soap after potential faecal contact,  likely did not reach a theoretical minimum risk exposure distribution which includes no disease risk from inadequate WASH (21). Further limitations include using a single disease outcome, i.e., diarrhoeal disease, though there was evidence for an impact of WASH on various other adverse health outcomes (60–62). Non-household settings such as health centres and schools were excluded. 
Contributions of the research 
This WHO WASH-attributable burden of disease assessment used different minimum risk exposure levels  compared to the IHME Global Burden of Disease study 2010 (18). In contrast to the Global Burden of Disease study 2010, the counterfactual of the WHO disease burden analysis attributable to inadequate drinking water went beyond the provision of an improved drinking water source. The reason for this was that improved drinking water sources had been associated with considerable disease risk (63,64). Additionally and contrary to the Global Burden of Disease study 2010, this study included disease burden attributable to lack of handwashing with soap and results reflected adjustment for likely bias due to lack of blinding.   
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2.6 Diseases due to unhealthy environments: an updated estimate of the 
global burden of disease attributable to environmental determinants 
of health 
Research in context 
This research (9) assessed the disease burden attributable to a broad range of modifiable environmental risks for the year 2012. This assessment has also been published as a more detailed WHO report (3). It represented the update of the first comprehensive and systematic environmental burden of disease assessment for the year 2002 (4). These disease burden estimates have also been updated for the year 2016 (35).  
I led on reviewing the scientific literature on the links between a broad range of environmental risks and adverse health outcomes. I was responsible for preparing the draft publication.  
Objectives 
To update burden of disease estimates attributable to the modifiable environment. 
Main methods 
Systematic literature reviews were conducted on the links between 133 diseases or injuries and environmental risks. PAFs were calculated using: i) comparative risk assessment, ii) more limited epidemiological calculation, iii) knowledge about the specific disease transmission pathway, and iv) expert surveys. The PAFs were multiplied with overall disease statistics (deaths and DALYs) to calculate disease burden figures attributable to the environment. 
Main findings 
Twenty-three percent (95% CI 13%-34%) of global deaths and 22% (95% CI 13%-32%) of global DALYs were attributable to environmental risks in 2012. Most of the environmental disease burden resulted from noncommunicable diseases. Cancers, ischaemic heart disease, stroke and chronic obstructive pulmonary disease (COPD) were the most important contributors to global deaths attributable to environmental risks. In addition to these diseases, conditions that majorly affect the young such as 
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lower respiratory infections, diarrhoea, malaria, asthma, and neonatal conditions, as well as back and neck pain and accidents importantly contributed to global DALYs attributable to environmental risks. Young children and adults between 50 and 75 years of age were disproportionally affected. 
Strengths and limitations 
This burden of disease assessment reviewed the evidence of the links between 133 diseases or injuries and the environment. The majority of the estimates was based on comparative risk assessment methods and therefore represented high levels of evidence. However, many diseases and environmental risks were not included in the disease burden quantification because evidence was too limited. Additionally, environmental disease burdens occurring after a lag time from exposure were not adequately captured in this analysis. Environmental disease burden estimates were partly based on scarce evidence and assumptions. Also, a considerable part of the analysis was based on expert surveys which were however combined with methods of evidence synthesis.  
Contributions of the research 
Environmental burden of disease assessments seek to quantify and raise awareness about the importance of the environment on human health. These assessments can guide priority setting and decision making. This study presented the update of the first comprehensive environmental burden of disease assessment initially conducted for the year 2002 (4). It showed that there had been a major move from “traditional” and still important environmental risks such as inadequate WASH and household air pollution towards more “modern” risks such as ambient air pollution and exposure to chemicals and their large associated disease burden from noncommunicable diseases. Due to considering more risk factor-disease links, our estimates for the environmental disease burden were considerably higher than those of the corresponding Global Burden of Disease assessment for the year 2013 (38) (23% versus 16% of global deaths and 22% versus 12% of global DALYs). As this study focused on the modifiable environment, it highlighted the great potential of disease prevention from environmental protection.  
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2.7 Improving household air, drinking water and hygiene in rural Peru: a 
community-randomized-controlled trial of an integrated 
environmental home-based intervention package to improve child 
health. 
Research in context 
This work (65) is part of research in rural Peru (section 2.8 (66) and (67)) that was realized while I was working for the Swiss Tropical and Public Health Institute in collaboration with the Cayetano Heredia University in Lima, Peru. This work evaluated a randomized controlled trial that examined the effect of combined WASH and air pollution interventions on diarrhoea, respiratory infections and child growth. It contributed to evidence generation about environmental hazards. Results from such environmental health interventions are key inputs for exposure-response relationship assessment and risk factor-attributable disease burden estimation as presented in sections 2.3, 2.5, 2.9 and 2.12.  
I was responsible for preparing the draft publication. Additionally, I contributed to the design and setup of a subsequent randomized controlled trial of a related environmental intervention package. 
Objectives 
To reduce respiratory infections and diarrhoea and to improve child growth through combining WASH and air pollution interventions.  
Main methods 
This community-randomized controlled field trial in rural Peru delivered an environmental intervention package consisting of in-kitchen water sinks with piped water connection, solar disinfection as point-of-use water treatment, hygiene promotion focusing on handwashing with soap and kitchen hygiene, and improved ventilated solid-fuel stoves. Young children were followed over 12 months to monitor diarrhoea and respiratory infections (weekly), anthropometrics (every two months) and to collect environmental microbiological samples (baseline, mid-term and endline). The control group received an attention control intervention to reduce likely bias through the non-blinded trial design.  
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Main findings 
Children from 25 intervention communities experienced a mean of 1.8 diarrhoea episodes per child-year compared to 2.2 diarrhoea episodes in 26 control communities (relative risk 0.78, 95% CI 0.58-1.05, p=0.1). The relative risk for episodes of acute respiratory infections was 0.95 (95% CI 0.39, 1.65, p=0.5) and for acute lower respiratory infections 2.45 (95% CI 0.82, 7.39, p=0.1). No difference in height-for-age or weight-for-age was detected between intervention and control communities. 
Strengths and limitations 
This trial combined different environmental interventions for improving child health. Interventions acceptance was enhanced by designing the stoves and kitchen sinks in close collaboration with stakeholders and the communities and by placing emphasis on self-maintenance and repair (e.g., 85% of intervention households used the improved stoves two years after the study ended). An attention control intervention, i.e., an intervention implemented with the same intensity, such as same contact time, and with an anticipated outcome independent from the outcome of the main intervention (68,69), was implemented in the control group to prevent reporting bias from non-blinding and to reduce drop-out rates in the control group. Behaviour change, e.g., water treatment behaviour, was not assessed through self-report but through observation. However, observed compliance with the point-of-use solar water treatment was very low (10% of intervention households at end of follow-up). Water supply interruptions led to reduced compliance with the kitchen water sinks. Drinking water quality post-intervention was equivalently contaminated in intervention and control households. The improved stoves only modestly reduced air pollution and not to levels recommended by the WHO indoor air quality guidelines (70). Clean stoves such as liquefied petroleum gas (LPG) stoves were not implemented as gas was hardly available at the time in the study location. The attention control intervention might have itself reduced faecal environmental contamination and might have attenuated the intervention effect. Diarrhoea as well as incidence of lower respiratory infections was lower than anticipated and the study therefore lacked power to detect a significant effect on disease occurrence. 
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Contributions of the research 
This trial was one of the first to combine potentially synergistic environmental interventions for reducing various household level risks to prevent several adverse health outcomes. The water intervention – piped water into the household that was additionally treated at point of use – aimed to achieve improvements in both water quantity and quality consistent with the concept of safely managed drinking water (11). It was shown that through extensive community engagement some environmental interventions were highly accepted and used.  
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2.8 Adoption of clean cookstoves after improved solid fuel stove 
programme exposure: a cross-sectional study in three Peruvian 
Andean regions  
Research in context 
This work (66) is another result from the research I conducted with the Swiss Tropical and Public Health Institute and the Cayetano Heredia University in rural Peru. It evaluated the effectiveness of various improved stove promotion programmes and explored factors associated with stove adoption. Such research can provide a better understanding of heterogeneous results of environmental health interventions. Through the research work in Peru, I gained experience in conducting fieldwork and data collection. 
I contributed to the design and the development of the questionnaire and to checking questionnaire completion at the study site in Peru. I was responsible for the data analysis and for preparing the draft publication.   
Objectives 
To explore adoption and displacement of different stove types. To identify factors associated with stove adoption and displacement in rural Andean Peru.  
Main methods 
A questionnaire on cooking behaviours, types of cookstoves used, cleaning maintenance and repair of stoves, willingness to pay, demographic and socioeconomic variables of the household and fieldworker observations on the type and the condition of the stoves was developed and tested. Subsequently it was administered to 1,202 households in Cajamarca, Cuzco and La Libertad, three geographically and culturally diverse rural Andean regions. Eligibility criteria for households were previous participation in an improved stove promotion programme, use of biomass for cooking, Spanish as first language and a household head which was at least 18 years old. From all eligible households a convenience sample was drawn which was based on feasibility and balanced numbers between study sites (about 400 households per site were included). Multivariable logistic regression models were used to examine the associations between use and displacement of different stove types and a range of 
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independent variables. The variables were chosen a-priori and were informed by a literature review on enablers and barriers of clean or improved stove uptake. Multiple imputation was used to complete missing information.  
Main findings 
Ninety-two percent of study households used a clean or improved stove as primary stove. However, stove stacking, i.e., the combination of different stove technologies such as the simultaneous use of clean, improved and unimproved stoves by one household, was frequent (69% of households). Thirty-five percent of households continued to use traditional stoves. Various household, socio-economic and stove variables could be identified that were associated with the uptake of improved or clean stoves or with the displacement of traditional stoves.  
Strengths and limitations 
This study included more than 1,200 households from three diverse and distant rural Andean regions. The questionnaire was developed based on prior literature, extensively field-tested and delivered by local study personnel. Due to the use of multiple imputation techniques data from all households could be used. However, cross-sectional studies are at risk of information and selection bias. Objective stove use monitors were not used; instead stove use was assessed through self-report which might have introduced bias. Additionally, recall bias might have been present as some stove promotion programmes dated back several years. Households willing to participate in our study and in stove promotion programmes might not be representative of the average rural Andean household. Also cross-sectional studies cannot establish the temporal sequence between exposure and outcome, e.g., knowing somebody able to build an improved stove can be an enabler for but also a consequence of using a particular stove.  
Contributions of the research 
This study indicated that nearly two thirds of households that participated in improved stove promotion programmes abandoned the use of traditional stoves. Most households relied on improved solid fuel stoves which can be regarded as interim technologies before clean stoves, such as LPG stoves, and required fuels become widely available (70). The identified enablers and barriers for improved or clean stove uptake 
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and for the displacement of traditional stoves might inform future clean cookstove interventions.  
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2.9 Impact of drinking water, sanitation and handwashing with soap on 
childhood diarrhoeal disease: updated meta-analysis and meta-
regression  
Research in context 
This work (52) presents the update of previously conducted research (sections 2.3 (41) and 2.4 (46)). It provided the updated exposure-response relationships (relative risks) between different WASH exposure categories and diarrhoeal disease. These were used for burden of disease calculations from inadequate WASH for the year 2016 presented in section 2.12 (12).  
I contributed to the development of the updated analytical framework for WASH-attributable burden of disease assessments. I led on the systematic review, data extraction and data analysis. I was responsible for preparing the draft publication.  
Objectives 
To provide an updated assessment of the impacts of inadequate WASH on childhood diarrhoeal disease.  
Main methods 
The previous systematic reviews (41,46) were updated including literature published until early 2016 with the same inclusion and exclusion criteria as the previous reviews (sections 2.3 and 2.4). Meta-analysis and meta-regression were used to analyse the associations between different service levels of drinking water, sanitation or handwashing promotion with soap and diarrhoeal disease. Results from non-blinded studies of selected interventions were adjusted for reporting bias (41).  
Main findings 
This updated systematic review identified a total of 80 drinking water observations (eight observations providing survey data), 22 sanitation observations (eleven observations providing survey data) and 33 hygiene observations (one observation providing survey data). Random-effects meta-analysis yielded a pooled relative risk on diarrhoeal disease of 0.67 (95% CI 0.62, 0.73) for the water interventions, of 0.75 (95% CI 0.63, 0.88) for the sanitation interventions and of 0.70 (95% CI 0.64, 0.77) for the 
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hygiene promotion studies. Evidence for greater disease reduction compared to other interventions was observed for point-of-use water filter interventions including safe storage (relative risk 0.39 (95% CI 0.32, 0.48)), higher-quality piped water to premises (relative risk 0.25 (95% CI 0.09, 0.67)), continuous piped water to premises (relative risk 0.64 (95% CI 0.42, 0.98)) and high community coverage with basic sanitation services (relative risk 0.55 (95% CI 0.34, 0.91)). 
Strengths and limitations 
Strengths and limitations of meta-regression that are described in section 2.3 about the initial systematic review and meta-analysis relate equally to this work. Compared to the 2014 meta-analysis (41), especially the exposure scenarios for drinking water and sanitation were extended to include higher levels and high coverage of services. Some of the effect estimates were based on scarce evidence such as the estimates for continuous piped water, higher-quality piped water and higher community sanitation coverage and might change when additional evidence emerges. Additionally, especially the sanitation observations included a large share of survey data analyses as data from intervention studies was scarce. WASH exposure classification in intervention studies was often poor, e.g., no disaggregation of unimproved sanitation was usually made. Additionally, use of or access to WASH services and a certain behaviour are only proxy indicators assumed to assess the amount of faecal contamination people are exposed to. There were substantial differences between the intervention studies relating to intervention type and uptake, study methods, settings, populations, pathogens present and transmission pathway dynamics.  
Contributions of the research 
The assessed WASH exposure levels included higher levels of service provision and were therefore in line with the Sustainable Development Goals (SDGs). This analysis highlighted that evidence on increased health effects from higher WASH service levels is accumulating but still limited. Results from this analysis might guide the choice of interventions according to their potential health impact and formed the basis for burden of disease assessments from inadequate WASH.  
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2.10 Handwashing with soap after potential faecal contact: Global, regional 
and country estimates 
Research in context 
This work (47) updated previous handwashing with soap prevalence estimates (section 2.4 (46)) using a revised methodology and thereby provided the necessary exposure data for the burden of disease estimates attributable to inadequate hygiene for the year 2016 (section 2.12 (12)).  
I contributed to the development of the logical and analytical framework for this research. I extracted data on handwashing facility access and from handwashing observation studies identified from a systematic review. I was responsible for the data analysis and for preparing the draft publication.  
Objectives 
The principle aim was to quantify the current state of global handwashing practise. Specific study objectives were: 1) to quantify handwashing facility presence with soap and water on household premises, 2) to assess the association between handwashing facility presence and observed handwashing with soap, and 3) to derive country, regional and global estimates of handwashing with soap after potential faecal contact.  
Main methods 
Handwashing facility presence on household premises was estimated by country using multilevel modelling of country-level data on the proportion of the population with access to handwashing facilities (study objective 1). An updated (46) systematic literature review on household-level studies reporting observed handwashing with soap after potential faecal contact was conducted. Data was extracted from studies reporting both observed presence of a handwashing facility with soap and water and handwashing with soap at critical times. These data were analysed using a three-level Poisson model to estimate adjusted prevalences and prevalence ratios for handwashing with soap conditional on the presence of a handwashing facility (study objective 2). Handwashing with soap prevalence after potential faecal contact at country, regional and global levels was calculated by combining prevalence of a handwashing facility 
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with soap and water on premises with the estimated prevalence of handwashing with soap conditional on handwashing facility presence (study objective 3).  
Main findings 
An estimated 73.5% (95% CI 63.2%, 81.8%) of the world population had access to a handwashing facility with soap and water on household premises in 2015. Handwashing with soap after potential faecal contact was about twice as likely (prevalence ratio 1.99, 95% CI 1.66, 2.39, p<0.001) where such a handwashing facility was present. An estimated 26.2% (95% CI 23.1%, 29.6%) of potential faecal contacts were followed by handwashing with soap in 2015.  
Strengths and limitations 
These updated handwashing with soap estimates represented a revised and improved modelling approach compared to the previous analysis of handwashing with soap prevalence (section 2.4 (46)). Also, substantially more countries were covered by their own national data in this assessment compared to the previous one (46). However, estimates of handwashing facility presence were still based on limited data. Also for many countries the mean for the respective region and income group needed to be extrapolated using multilevel modelling. The estimates for the association between the presence of a handwashing facility and observed handwashing with soap were based on only nine datasets from eight heterogeneous studies. These estimates were therefore only calculated for regional and not national levels.  
Contributions of the research 
This is the first study that used country-representative data on observed presence of a handwashing facility with soap and water on premises for deriving the prevalence of handwashing with soap at crucial times. Such data are now routinely collected in nationally-representative household surveys. Prior to this study only limited data on global handwashing with soap practice had been available and had been based on non-representative epidemiological studies (section 2.4 (46)). Disease burden estimates from inadequate hygiene of the Global Burden of Disease studies conducted by the IHME are based on just the presence of a handwashing facility as relevant exposure (without the translation to actual handwashing with soap)(24). Observed handwashing practice, likely the most reliable way to measure handwashing behaviours (71,72), is considered impractical to conduct routinely in national household surveys (58,73). The 
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approach presented here may therefore be used to estimate handwashing behaviour at large scale which represents the matching exposure to the available exposure-response relationship for disease burden estimates from inadequate hygiene. This analysis showed that the prevalence of handwashing with soap remains at low levels even when necessary handwashing materials are present. Additionally, a considerable lack of hand hygiene data was observed.  
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2.11 A Faecal Contamination Index for interpreting heterogeneous 
diarrhoea impacts of water, sanitation and hygiene interventions and 
overall, regional and country estimates of community sanitation 
coverage with a focus on low- and middle-income countries 
Research in context 
First, this work (74) provided the first exposure estimates for high community sanitation coverage. The proportion of the global population living in communities with high coverage with basic sanitation forms the new sanitation minimum risk exposure level for the 2016 WHO disease burden estimation (section 2.12 (12)). High community sanitation coverage has increasingly been recognized as important for health (75–82). Second, this work followed a consensus meeting of WASH researchers (83) which had been conducted after the publication of several large WASH trials (84–86) that found limited health effects of improving WASH and especially sanitation. The work presented here contributed to explaining the observed heterogeneous effectiveness of WASH interventions. 
I contributed to the development of the Faecal Contamination Index (FAECI). I conducted the literature search on relevant sanitation coverage levels. I was responsible for the data analysis of the association between the level of estimated faecal contamination and diarrhoea risk in WASH interventions as well as the analysis of cluster-level household survey data. I led on the preparation of the draft publication.  
Objectives 
First, to generate a simple, transparent and reasonable index of environmental faecal contamination that can be used to explain heterogeneous effectiveness on diarrhoeal disease of WASH interventions.  
Second, to estimate the proportion of the population living in communities in which a specified percentage of the population has access to basic sanitation services by country, region and overall.  
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Main methods 
First, the FAECI was developed using eight biologically plausible and frequently reported WASH indicators. Using this index, faecal contamination post-intervention was estimated in sanitation and WASH intervention studies. Subsequently the association between the estimated faecal contamination and the relative risk estimates for diarrhoeal disease from the individual WASH studies was analysed using meta-regression techniques.  
Second, a literature search identified studies assessing health effects at various sanitation coverage levels. These studies were used to identify the health relevant thresholds for community sanitation coverage. Household survey microdata (at the level of the primary sampling unit) were analysed to calculate the proportion of the global population living in communities above a certain threshold of community sanitation coverage.   
Main findings 
First, the level of prevailing faecal contamination in the community post-intervention was strongly associated (p<0.01) with the relative risks for diarrhoeal disease. This suggested that continued faecal contamination might explain missing effectiveness of WASH interventions.  
Second, forty-five percent (95% CI 35%, 56%) of the global population was estimated to live in communities in which more than 75% of the population was covered with basic sanitation services. Twenty-four percent (95% CI 15%, 35%) of the global population was estimated to live in communities in which more than 95% of the population was covered with basic sanitation services.  
Strengths and limitations 
First, the FAECI estimated faecal contamination easily and transparently and was able to explain heterogeneous effectiveness of WASH interventions. However, the FAECI used proxy indicators for faecal contamination which could have been chosen differently. More sophisticated approaches of modelling an unmeasured construct, here community faecal contamination, are available (e.g., (87)). Intervention studies with the lowest FAECI score were among the earlier conducted studies that reported on fewer of the chosen indicators. The score of these interventions was therefore assessed 
49 
with greater uncertainty compared to the interventions that yielded a larger score. Safe management of sanitation and observed handwashing with soap – two indicators of the FAECI – needed to be inferred from other related information from the study reports. Missing values of other indicators were replaced with national mean values for the respective country, year and setting. 
Second, the first estimates for high community sanitation coverage were developed. However, coverage was assessed for basic sanitation services and not for safely managed sanitation (6). Basic sanitation may not sufficiently lower faecal contamination in a community (88). Only 111 countries were covered with relevant household survey microdata for varying calendar years covering 78% of the world population and 92% of the population in low- and middle-income countries. 
Contributions of the research  
The score  of the FAECI provided an explanation for the missing impact on diarrhoeal disease of recent large WASH trials (84–86). The publication of the results of these trials had resulted in widespread discussions about the health effectiveness of WASH interventions (83,89–92). The FAECI indicators may provide guidance on a minimum set of variables to be reported in any WASH intervention. This study further emphasized the need for more radical and transformative WASH interventions that successfully reduce faecal contamination in households and in the community. Additionally, this study provided the first estimates of high community sanitation coverage enabling a new counterfactual for the WHO burden of disease analysis attributable to inadequate WASH.    
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2.12 Burden of disease from inadequate water, sanitation and hygiene for 
selected adverse health outcomes: an updated analysis with a focus 
on low- and middle-income countries 
Research in context 
This paper (12) represented the update for the year 2016 of the previous WHO WASH-attributable burden of diarrhoeal disease assessment (section 2.5 (40)). It extended the scope of the previous analysis by including more health outcomes. The analysis presented here also used extended exposure information compared to other WASH-attributable burden of disease assessments. These included country-level estimates on the proportion of the population living in communities with a certain coverage with basic sanitation (section 2.11 (74)) and on the proportion of handwashing with soap after potential faecal contact (section 2.10 (47)). Furthermore, the present assessment applied updated exposure-response relationships for different WASH categories and exposure levels (section 2.9 (52)). 
I contributed to the development of the analytical framework for the WASH-attributable burden of disease assessment and to calculating WASH-attributable disease burden estimates for various health outcomes. I delivered essential data input for the burden of disease assessment and was responsible for preparing the draft publication. 
Objectives  
To present WASH-attributable disease burden estimates for diarrhoea, respiratory infections, malnutrition, schistosomiasis, malaria, soil-transmitted helminth infections and trachoma for the year 2016.  
Main methods 
WASH-attributable disease burden was estimated preferably using comparative risk assessment methods, but also using more limited, in terms of available exposure or exposure-response data, epidemiological assessments. Modelled exposure data (11,45,47,74), based on household survey and census data, were combined with updated exposure-response relationships (52). Different counterfactuals were used for different diseases and included theoretical, plausible and feasible minimum risk 
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exposure distributions (21). The resulting PAFs were multiplied with the total burden by disease.  
Main findings 
Sixty percent or 829,000 deaths of diarrhoeal disease, 13% of acute respiratory infections, 16% of malnutrition, 43% of schistosomiasis, 80% of malaria and 100% of both soil-transmitted helminths and trachoma were attributed to inadequate WASH. The overall WASH-attributable disease burden amounted to 1.6 million deaths (2.8% of deaths) and 104.6 million DALYs (3.9% of DALYs) in 2016. 
Strengths and limitations 
This assessment combined updated and revised exposure assessments with updated exposure-response relationships. It also included a broader range of health outcomes than previous assessments. Estimates for certain health outcomes and selected intervention types were adjusted for likely non-blinding bias. However, disease burden estimates for the different health outcomes represented different levels of evidence. WASH-attributable diarrhoea and respiratory infections were based on comparative risk assessments while the WASH-attributable burden of other health outcomes was based on more limited epidemiological assessments. Different counterfactuals for the different health outcomes were used such as the feasible, the plausible and the theoretical minimum risk exposure levels depending on the available evidence. For estimating the WASH-attributable burden of malaria, the counterfactual exposure distribution of all the population being exposed to safe water resource management was used. The exposure-response relationship linking water resource management and malaria is based on a systematic review conducted more than a decade ago and included only non-randomized intervention studies. The WASH-attributable malaria burden is therefore estimated with greater uncertainty. On the other hand, the total WASH-attributable burden of disease might still have been underestimated as many adverse health outcomes that are plausibly related to inadequate WASH have not been quantified. Future assessments should increasingly base their estimates on a theoretical minimum risk exposure level as the counterfactual. For most health outcomes this would likely include all the population using safely managed water and sanitation services and having access to essential hygiene conditions and performing essential hygiene practices, including handwashing, menstrual hygiene management and food hygiene (12,93). Additionally, estimates did not capture the burden from for 
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example disease outbreaks, flooding and droughts or from certain populations such as refugees, internally displaced persons, and the homeless (12). Also certain exposure settings were not considered such as healthcare facilities, schools, workplaces and other public places (12).  
Contributions of the research 
These WASH-attributable disease burden estimates highlighted the importance on health of inadequate WASH. They provided an alternative to the disease burden estimates for the year 2016 from the IHME (37). Compared to the Global Burden of Disease study 2016, the assessment presented here adjusted estimates for likely non-blinding bias, used different counterfactuals and provided estimates for a larger range of disease outcomes. Additionally, handwashing with soap was used as the counterfactual exposure level while the IHME continues to use presence of a handwashing facility as exposure parameter which does not match the respective exposure-response relationship which relates to handwashing with soap promotion. These estimates provided the basis for reporting on SDG indicator 3.9.2 on WASH-attributable mortality (94).  
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3 Discussion 
3.1 Main findings 
The work summarized in this critical analysis generated, improved, and updated data on various WASH exposure levels (objective 1). It started off with developing a modelling approach for WASH exposure data over time able to incorporate unbalanced data, incomplete time series, non-linearity and missing data for whole countries (section 2.2 (45)). Initially used for access to improved drinking water and sanitation facilities (45), this approach was subsequently applied for modelling various WASH categories and exposure levels. A novel approach for estimating handwashing with soap prevalence was developed using nationally-representative household survey data on access to handwashing facilities. This analysis superseded the previous approach of modelling observed handwashing frequency from small-scale handwashing observation studies (sections 2.4 (46) and 2.10 (47)). It was highlighted that handwashing with soap after potential faecal contact was poorly practised throughout the world (46,47). Additionally, the handwashing prevalence estimates created the matching exposure for the generated exposure-response relationship linking handwashing with soap and health outcomes (sections 2.4 (46) and 2.9 (52)) for disease burden estimation from inadequate hygiene (sections 2.5 (40) and 2.12 (12)). The first global, regional and country-level exposure data for the proportion of the population living in communities above a certain level of sanitation coverage were generated by analysing cluster-level household survey data (section 2.11 (74)). This analysis highlighted that while 68% of the world population used at least basic sanitation, only 45% lived in communities in which at least 75% of households were covered with basic sanitation (74). These exposure estimates were used for a new sanitation counterfactual for the WHO WASH-attributable burden of disease assessment for the year 2016 (section 2.12 (12)). 
The research presented here further estimated exposure-response relationships between WASH exposure levels and selected health outcomes (objective 2). The initial systematic review on WASH interventions was performed until 2013 (sections 2.3 (41) and 2.4 (46)), with subsequent update including literature published until early 2016 (section 2.9 (52)). Data were analysed using meta-analysis and meta-regression techniques to establish the exposure-response relationships between different levels of access to WASH and diarrhoea. Meta-regression in WASH research was first used by Hunter in 2009 to explain heterogeneous effectiveness of water treatment 
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interventions (95). In the presented work, the application of meta-regression techniques was extended and included principles of network meta-analysis (sections 2.3 (41) and 2.9 (52)). These techniques could explain much of the observed heterogeneity of health impacts of WASH interventions. Additionally, they allowed the estimation of health impacts from transitions between exposure levels for which no direct evidence from intervention studies was available (41,52). These analyses highlighted the importance of higher level WASH services such as high-quality piped water, sewered sanitation and safe sanitation reaching high community coverage (41,52).  
The generated exposures and exposure-response relationships were used to calculate and update the PAFs for specific risk factors and for estimating the WASH-attributable burden of disease (objective 3). The WASH-attributable burden of disease assessment for the year 2012 was conducted in collaboration between the WHO and WASH experts and attributed 842,000 diarrhoea deaths annually to inadequate WASH (section 2.5 (40)). A complementary assessment for the year 2012 estimated that 22% of the global disease burden was attributable to a large range of environmental risks (section 2.6 (3,9)). Updated WASH-attributable burden of disease figures were calculated for the year 2016 and resulted in 829,000 WASH-attributable diarrhoea deaths (section 2.12 (12)). This assessment included more health outcomes than previous assessments and estimated the WASH-attributable disease burden for diarrhoea, acute respiratory infections, schistosomiasis, protein-energy malnutrition, malaria, soil-transmitted helminth infections and trachoma (12). 
Finally, the here presented work evaluated environmental health interventions and explored factors associated with their effectiveness (objective 4). A cluster randomized controlled trial assessed the health effects of a combined environmental health intervention package at household level (section 2.7 (65)). This trial combined different WASH interventions (point-of-use water treatment, piped water to households and hygiene and handwashing promotion) with the provision of improved cookstoves. However, it failed to demonstrate significantly improved health outcomes (65). A cross-sectional study evaluated improved or clean stove adoption and traditional stove displacement in more than 1,000 households from different Andean regions after various improved stove promotion programmes (section 2.8 (66)). This study also identified multiple factors associated with intervention uptake (66). Lastly, the development of a faecal contamination index enabled the explanation and interpretation of the observed heterogeneous effectiveness of sanitation and combined 
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WASH intervention studies using the estimated prevailing level of faecal contamination post-intervention in the community (section 2.11 (74)). This analysis indicated that current WASH interventions may not sufficiently lower exposure with faecal pathogens to achieve health outcomes (74). 
The presented research is complemented by other related work that is presented in Appendix 1 (A1.4). 
3.2 Strengths and limitations 
The research presented in this critical analysis uniquely contributed to exposure assessment, exposure-response relationship generation and disease burden estimation attributable to environmental risks focusing on inadequate WASH. Parts of the research represented updates of previous work. One example was the disease burden assessment attributable to inadequate WASH for the year 2016 (section 2.12). These updates incorporated notable changes in methodology compared to the precursory work. Evaluations of environmental health interventions which contribute crucial inputs for risk factor-attributable disease burden assessments complement the presented work.  
3.2.1 Exposure assessment 
The WASH exposure assessments used proxy indicators such as access to WASH facilities intended to describe the level of faecal contamination or the amount of the specific pathogens people are exposed to through inadequate WASH. In the presented research, these proxies represented quite distal causes for the health outcome, such as the type of the drinking water facility (8). Water quality measurements, for example, would have constituted a more proximal cause (8). The use of more distal proxy indicators includes the greater risk of exposure misclassification and hence biased WASH-attributable disease burden estimates. It has for example been shown that water from improved sources was frequently faecally contaminated (63). The work presented in this critical analysis aimed to address the issue of proxy exposure indicators by extending exposure assessment beyond basic drinking water and sanitation services to higher levels of WASH services that are less likely to lead to exposure with faecal pathogens.  
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Multilevel modelling that was used for WASH exposure assessment has been criticized because of using information such as trends from other clusters, e.g., neighbouring countries, for a cluster with sparse or no data (50). However, the performance of the model was tested using cross-validation techniques (96) indicating that the model predicted reasonably well even for clusters without data (47). Other methods for modelling exposure to risk factors are available such as spatiotemporal Gaussian process regression used by the IHME (24,56). The performance of multilevel modelling and of Gaussian process regression for WASH exposure data has not been compared as different data sources were included in the IHME compared to the WHO assessments (56).  
3.2.2 Exposure-response relationship estimation 
For generating the exposure-response relationships, results from intervention studies with sometimes weak study designs, poor implementation and compliance that promoted very different technologies or behaviours were pooled. The evidence from intervention studies for certain WASH categories such as for sanitation was very scarce. Therefore also studies were included in the analyses that did not clearly specify an intervention but that analysed household survey data using matching methods to permit causal inference (97). Effect estimates from intervention studies generally relate to being invited to the intervention and are controlled for potential confounders (98). Effect estimates from observational studies on the other hand relate to actually participating in the “intervention” while potential confounders are not controlled for (98). The appropriateness of combining results from intervention and observational studies has therefore been questioned (98). Pooling results over many studies does not account for various other differences between studies such as the study setting and the quality of intervention implementation.  
One frequent issue in WASH intervention studies is the lack of blinding participants to intervention status. Diarrhoea in WASH intervention studies is usually self-reported and it has been shown that subjectively assessed outcomes are prone to reporting bias (53,54). There are a couple of drinking-water intervention studies that aimed to blind their participants to intervention status (99–102). Different analyses conducted about a decade ago found that blinded water treatment interventions hardly reduced diarrhoea, suggesting that part of the health impact found in non-blinded water treatment interventions was in fact due to bias from lack of blinding (95,103). There were however multiple issues in the blinded water treatment interventions which 
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might make them not suitable for determining the effect of non-blinding on intervention results. One issue was that these interventions applied point-of-use chlorine treatment as drinking-water intervention. There are certain diarrhoea pathogens, such as Cryptosporidium and Guardia that are resistant to chlorine treatment (104). Cryptosporidium is a particularly frequent pathogen in childhood diarrhoeal disease (105). Furthermore, truly blinding chlorine water treatment might be difficult: In one of the blinded studies (102), intervention households dropped out because they disliked the taste and smell of their water. Also in a recent double-blinded chlorine intervention study, many more intervention than control households complained about the taste and the smell of their drinking water (101). Additionally, 30% of drinking water samples had chlorine concentrations above the recommended thresholds for acceptable taste and odours and only a third of intervention households adhered to chlorine treatment throughout the intervention (101). 
The WHO WASH-attributable disease burden research presented here is, to my knowledge, the first to have used a systematic and evidence-based approach developed by Welton et al. (106) to adjust risk estimates from intervention studies for non-blinding bias (41,52). The adjustment was based on a large meta-epidemiological study of more than 200 individual meta-analyses including nearly 2,000 trials from a range of different areas (53,106). Only results from point-of-use drinking water and hygiene promotion interventions were considered at increased risk of non-blinding bias and were therefore adjusted in contrast to water supply and sanitation interventions (103). Point-of-use drinking water and hygiene promotion interventions are household-level interventions which are usually more apparent to the recipients and have the clear and sole aim to improve health. Water-supply and sanitation interventions on the other hand are usually community-level interventions and do not solely concentrate on health outcomes but also on community and general development (41).  
3.2.3 Disease burden calculation 
Exposures to many environmental risks and risk factor-disease links have to date not been quantified (3). Examples include various adverse health effects that can plausibly be linked to inadequate WASH (12). Therefore, environmental burden of disease assessments are likely underestimating the true disease burden attributable to the environment. Burden of disease estimates attributable to various environmental risks or to inadequate WASH presented in this critical analysis are sometimes based on scarce evidence. Therefore, they are not always calculated using comparative risk 
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assessments but using more limited exposure or exposure response information or even expert opinion (3). 
Disease burden estimates are based on many assumptions that are made while assessing exposures and exposure-response relationships and calculating the PAF and are therefore quite uncertain. The assumptions that are made in exposure and exposure-response relationship assessment have been listed in previous sections. Another important source of uncertainty is the choice of the counterfactual exposure level, i.e., the level of exposure with the lowest assumed risk for health. The counterfactual importantly determines the size and the interpretation of the risk factor-attributable disease burden. Different counterfactual exposure distributions have been proposed including the theoretical, the plausible, the feasible and the cost-effective minimum risk (16). Usually, risk factor-attributable burden of disease assessments aim for a theoretical minimum risk exposure level to fully gauge the size of health impacts related to the risk factor (12,24). The theoretical minimum risk WASH exposure level may however be defined in different ways. There is evidence from studies that implementing Water Safety Plans on piped water in high-income countries resulted in reduced gastrointestinal disease (107,108). These findings indicate that even high levels of service provision, such as high-quality piped water, may exhibit residual WASH-attributable disease burden and thus do not constitute the “true” theoretical minimum risk. Often current WASH counterfactual exposure scenarios do not represent the theoretical minimum risk exposure level but more interim levels that likely pose considerable risks to health. One example would be basic WASH services (12). Additionally, counterfactual exposures and their related risk estimates are based on intervention studies with sometimes many limitations such as poor implementation and poor compliance. Often these interventions targeted individual households instead of whole communities. Such interventions are unlikely to reduce exposure with faecal or other pathogens to a large extent (74). Results from such interventions therefore likely underestimate the exposure-response relationships between WASH and health.  
Due to the different sources of uncertainty when estimating risk factor-attributable disease burden, validation of estimates becomes very important. Validation of estimates seeks to determine how well the estimates correspond to the true exposure, the true exposure-response relationship or the true risk factor-attributable disease burden. Validation of exposure estimates is especially important when estimates are made for countries with no own source data and can be achieved with cross-validation techniques (96) as described in the research of section 2.10 (47). Unfortunately, 
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validation of the exposure-response relationships and of the risk-factor attributable disease burden estimates is not possible at present as the true exposure-response relationship or the true risk factor-attributable disease burden in the target population is not known. This is an important limitation especially regarding the variability of disease burden estimates over time and between institutions. 
The PAF is usually interpreted as the fraction of disease that would have been preventable through removal or reduction of the risk factor, however certain assumptions need to apply (22,109). There needs to be a causal relationship between exposure and disease. The relative risks describing the exposure-response relationship need to be free from confounding and bias. Truly effective interventions are required that are able to move everyone to the chosen counterfactual exposure distribution (110). Another assumption is that the formerly exposed group immediately attains disease risk of the unexposed group after removal or reduction of the exposure (22,109). Furthermore, a disease can usually be caused by more than one exposure. While the PAF for each risk factor is bounded by one (or 100%) the sum of the individual relevant exposures can (and usually does) exceed one (8,109). Whether the PAF of one exposure equals the preventable proportion of disease is therefore conditional on the assumption that all other relevant exposures are kept constant (109).  
The PAF calculates the attributable disease burden or so-called “excess cases” of a disease or health outcome (2). Excess disease cases would not have occurred without exposure to the risk factor and are potentially preventable (2,23,111), They need to be differentiated from etiologic cases (2,23,104). Etiologic cases would have occurred without exposure (2,110,112,113) but are still caused by the risk factor (e.g., the risk factor led to an earlier disease onset). Often the number of excess cases is much smaller than the number of etiologic cases (2). Therefore, it can be argued that the PAF usually underestimates the health importance of a risk factor and that it indicates the lower bound of attributable burden (2,110). This is less important for infectious disease occurrence where probably all cases caused by the risk factor can be considered excess cases compared to mortality and chronic diseases.  
Studies examining the linkages between environmental risks and disease are often of an observational design as it would be unethical to randomize a group of people to a (potential) hazardous exposure. Therefore, there is likely confounding in the risk factor-disease association and relative risks taken from the published literature are 
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usually confounder-adjusted. Adjusted relative risks should however not be used in the presented PAF formula (Equation 1) but in alternative formulas (111). One formula requires the proportion of exposed disease cases (Equation A4, Appendix 1 (A1.2)). Another formula calculates stratum-specific (by confounder strata) attributable fractions which are subsequently weighted by the proportion of cases in each stratum and summed (Equation A5, Appendix 1 (A1.2))(25,111). Adjusted relative risks have often been used in Equation 1 which has been called the “partially adjusted” method (114). Using adjusted relative risks in Equation 1 was estimated to lead to a biased PAF of between 10% and 20% (25). The use of the alternative formulas that are appropriate for adjusted relative risks is often constrained by the additional data needs required for their computation (25). In current risk factor-attributable burden of disease analyses, usually stratum-specific PAFs for a range of potential confounders including age, sex and location are calculated (12,24). However and due to data availability, often the same exposure data and exposure-response relationships are applied across different confounder strata. There are various other factors acting as potential confounders, one notable example is socio-economic status. In WASH interventions in which a confounder such as socio-economic status will often positively confound the exposure-response relationship (i.e., crude relative risk > adjusted relative risk) the resulting PAF will be underestimated (25). This will usually be less important in randomized compared to non-randomized interventions as randomization aims for balanced covariate distributions between intervention and control groups. Relative risks from randomized studies are therefore usually less confounded than results from observational studies and are therefore more appropriately used in the presented PAF formula (Equation 1).  
The exposure-response relationships used for calculating the PAFs were mostly derived from intervention studies. These studies had usually been conducted in population subgroups and not in the population for which the disease burden was subsequently calculated. To assure portability of an exposure-response relationship from a source to a target population, important assumptions are needed: Exposure is defined alike and the distribution of relevant confounders and effect-modifiers is the same in the source and the target population (23). It has been shown that small differences in relative risks and in the distribution of confounders and effect modifiers between the source and the target population resulted in considerable bias in the estimation of the PAF and the risk factor-attributable disease burden (114).  
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The PAFs from different exposures are often combined, for example to derive the overall environmental fraction of a disease (Equation 2). The application of this formula assumes independence between risk factors (e.g., being exposed to one factor does not increase the likelihood of being exposed to the other risk factor) and that the joint effects of the individual risk factors are multiplicative (23). The application of Equation 2 may have resulted in upward-biased estimates of the WASH-attributable disease burden as inadequate water, sanitation and hygiene are likely to be positively related to each other (115).  
Priority setting for preventive action and choice of interventions should not be exclusively based on environmental burden of disease assessments. Social and ethical considerations need to be taken into account such as the priorities of a population and its risk perceptions as well as social consequences of the disease burden and related interventions (8). Another important issue is the availability and cost-effectiveness of interventions strategies (18). Also burden of disease assessments do usually not account for benefits other than health gains (8). A WASH intervention for example might not only improve health but also lead to increased security, empowerment of women and girls, dignity and time savings (116,117). 
3.3 Impact on policy and practice of the presented research 
PAFs and related risk factor-attributable burden of disease estimates quantify the importance of a risk factor on human health. They provide a bridge between the risk factor-disease association as usually derived in epidemiological studies and the prevalence of the risk factor in a given population (23). Even when relative risks are large the public health relevance of a risk factor might be small when only a small fraction of the population is exposed (23,111). The public health relevance might be large when there is substantial exposure with a risk factor with a small relative risk (23,111). The PAF can be interpreted as the proportion of disease cases or deaths that could have potentially been prevented given effective interventions to remove or reduce the risk factor were available. Results of burden of disease assessments are therefore relevant to policy-making, can guide the choice of the most urgent interventions and are easy to understand and to communicate (23,25,111).  
Environmental disease burden estimates are important for raising awareness about the importance of environmental factors for health. Probably the most prominent example of the presented work is the comprehensive burden of disease assessment attributable 
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to environmental risks  (section 2.6 (3,9)). Results of this assessment were reported in over 170 newswires and newspapers in English, French and Spanish and in numerous other languages throughout the world (examples include (118–122)) and were also extensively communicated via social media (examples include (123,124)) and in a radio interview (125).    
Following the publication of the WHO WASH-attributable burden of disease estimates for the year 2012 (section 2.5 (40)), the subsequent Global Burden of Disease study for the year 2013 changed its approach of estimating WASH-attributable disease burden (38). By using counterfactual exposure distributions that extended from improved drinking water and sanitation facilities to higher levels of WASH service provision including hygiene, estimated WASH-attributable disease burden increased by a factor of four between the Global Burden of Disease studies 2010 and 2013 (18,38). The IHME Global Burden of Disease study estimated 337,000 deaths from inadequate WASH in 2010 (18), which changed to 1,399,000 deaths in 2013 (38), 1,766,000 deaths in 2015 (39), 1,661,000 deaths in 2016 (37) and 1,610,000 in 2017 (24) (estimates for 2016 and 2017 include deaths from lower respiratory infections attributable to inadequate hygiene, Table 1). The Global Burden of Disease assessment for the year 2016 attributed 89% of global diarrhoea deaths to inadequate WASH (37) while the WHO assessment for the year 2016 attributed 60% of global diarrhoea deaths to inadequate WASH (section 2.12 (12)).  
Table 1: WHO and GBD WASH-attributable disease burden estimates over time  
Year of 
estimates 
WASH-attributable diarrhoeal 
deaths (thousands) 
Hygiene-attributable deaths from 
lower respiratory infections 
(thousands) 
WHO GBD (IHME) WHO GBD (IHME) 2010 - 337 - - 2012 842 - - - 2013 - 1,399 - - 2015 - 1,766* - - 2016 829 1,481 370 179 2017 - 1,422 - 188 * Includes diarrhoeal diseases, typhoid and paratyphoid fever; WASH: water, sanitation and hygiene, WHO: World Health Organization, GBD: Global Burden of Disease, IHME: Institute for Health Metrics and Evaluation  
Reasons for the differences between the WHO estimates and those from the Global Burden of Disease study from the year 2013 onwards include different counterfactuals or minimum risk exposure levels and the adjustment for likely bias due to lack of 
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blinding in the WHO assessments. In the Global Burden of Disease studies the minimum risk exposure levels were defined as high-quality drinking water that is filtered or boiled at point-of-use, sanitation connected to sewer or septic tank and access to handwashing stations with soap and water (24,37–39). In the WHO assessments, the minimum risk exposure level for drinking water was defined as water from any source that is filtered or boiled at household level (12,40). This choice was based on the scarcity of data for the exposure-response relationship between higher-quality piped water and disease (41,52). The current minimum risk exposure level for the WHO sanitation assessment is high, i.e., above 75% of the population, community coverage with basic sanitation facilities (12). For the hygiene assessment, the WHO uses the proportion of the population with access to handwashing facilities with soap and water but subsequently adjusts these estimates for actual handwashing with soap (47). 
Transparency of methods and estimates seems especially important in light of such differing estimates. However, the earlier systematic review conducted by the IHME is only available as an abstract (36). The updated systematic review is only mentioned in the appendix of the comparative risk assessment for the Global Burden of Disease study 2017 and is described as an update of the here presented systematic review (section 2.3 (41))(56). In contrast, the search strategies, the included studies, the extracted variables, and the input as well as the results data at disaggregated level from the here presented systematic reviews, meta-analyses and WASH-attributable burden of disease assessments have been made available allowing re-calculation and data usage.  
The WHO is reporting on several WASH-related SDG indicators, including the proportion of the population using safely managed sanitation services (Indicator 6.2.1), the proportion of wastewater safely treated (Indicator 6.3.1), and the mortality from unsafe water, sanitation and hygiene (Indicator 3.9.2) (94). The here presented WHO burden of disease estimates (sections 2.5 and 2.12) provided the data basis for the annual monitoring of the SDG target indicator 3.9.2 on WASH-attributable mortality (126). 
The methods for risk factor-attributable burden of disease assessment that are described in this critical analysis have been used for an analysis of the potential impacts on health of the Indian Swachh Bharat Mission (SBM, Clean India Mission) which is a nation-wide campaign to end open defecation (127,128). Following the start of the SBM in 2014 and documented by household surveys, open defecation in rural India declined by about 12 percentage points per year between 2015 and 2019 
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compared to only 3 percentage points decline between 2000 and 2014 (6). The analysis which was conducted by the WHO with my contributions, estimated that the SBM could avert about 300,000 deaths from diarrhoea and protein-energy malnutrition provided the mission’s goal of all the Indian population using safe sanitation by October 2019 was achieved (129). These results were quoted by the Indian Prime Minister in 2018 in his yearly speech on Independence Day and were also reported by the Indian media (130–132).  
The knowledge and skills I acquired while conducting the research presented in this critical analysis enabled me to participate in discussions about environmental burden of disease assessments for example in Germany. Environmental health research is frequently subject to scientific misinformation that aims to influence public perceptions, reduce trust in research and impedes evidence-based policy making (133). Similarly, environmental disease burden assessments have been challenged regarding their validity and verity. One example is a recent debate in Germany about the disease burden attributable to NO2 emissions (134,135). I contributed to frequently asked questions around environmental burden of disease assessments that were published on the WHO website and I am co-authoring a letter to the editor rebutting the criticism which was largely around calculating the PAF and the methods applied for calculating risk factor-attributable burden of disease estimates (136,137).   
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4 Concluding issues in WASH- and risk factor-attributable disease 
burden assessments and identified research needs 
The research presented in this critical analysis demonstrated the importance of environmental risk factors on health including inadequate WASH. It also underlined the importance of selected issues in risk factor-attributable disease burden assessments, some of which are specific to inadequate WASH. Data gaps and needs for future research were identified. 
For most environmental risks, data on exposures and exposure-response relationships are still scarce (5). To fill these data gaps, research on environmental risks encompassing all steps of risk-factor attributable disease burden assessment, including identification and mapping of exposures and quantification of exposure-response relationships, should be conducted (5).  
Comparative risk assessment methods using theoretical minimum risk exposure distributions should ultimately replace alternative approaches for estimating risk factor-attributable disease burden that are based on lower quality data or more assumptions. More disaggregated exposure, exposure-response and disease data would allow WASH-attributable disease burden estimation for population subgroups of interest such as different socio-economic groups. Issues of comparative risk assessment methods include the appropriate use of adjusted relative risks for estimation of the PAF, the portability of the exposure-response relationship from various source populations to a target population with different underlying conditions and the choice of the most appropriate counterfactual. 
Recently a few large, well-funded and well-conducted trials that yielded high implementation and compliance showed minimal health impacts from improving WASH (84–86). These trials provided or promoted basic WASH and only targeted households with pregnant women (84–86). Research has shown that much of the health impact from adequate WASH and especially from adequate sanitation is actually from community-level effects, i.e., whether a household is using safe sanitation impacts the health in neighbouring households (75,78–81). Even high coverage with basic sanitation services, as opposed to safely managed sanitation, might however not sufficiently reduce faecal contamination in a community (88). A consensus statement of researchers hypothesized that basic WASH services as implemented in these trials 
66 
were unlikely to lead to health benefits and that higher level services covering the entire communities were needed (138). The research presented here contributed to this discussion by indicating that community faecal contamination needed to be reduced substantially before health impacts could be observed in intervention studies (section 2.11 (74)).  
Risk factor-attributable, including WASH-attributable, burden of disease assessments usually rely on intervention studies whose results are pooled for establishing the exposure-response relationship. WASH interventions show great heterogeneity and apply different technologies and levels of services, provide infrastructure or promote certain behaviours. Accordingly, the presented research has shown that much of the observed difference in health impact is due to the type of intervention (sections 2.3 (41) and 2.9 (52)). Furthermore, health impact will likely depend on whether the intervention is tailored to the prevailing exposure routes of the local context (138). 
A truly theoretical minimum risk exposure level in WASH-attributable disease burden assessments which might be approximated by all the population using safely managed WASH services would represent more comprehensively the amount of the disease burden that could be reduced through adequate WASH. Additionally, this would be in line with the targets of SDG 6 (94). For this, more radical or “transformative” (138) WASH interventions are needed that remove or substantially reduce faecal contamination in a community. Such interventions need to supply whole communities with water and sanitation network connections that provide continuous piped water free from contamination and safe sanitation and effective promotion of comprehensive hygiene behaviours. Such transitions from limited or basic WASH to safely managed WASH services have usually happened over decades in high-income countries and were accompanied with large though deferred population health improvements (138–141). As discussed above even safely managed WASH services might constitute risks to health which was shown through studies on Water Safety Plans (107,108). Depending on the local context, even more comprehensive WASH interventions might be needed, such as those also including reduced contact with animal faeces (142–144).   
An additional limitation of relying on household interventions for WASH-attributable burden of disease assessments includes likely bias from lack of blinding in studies with self-reported health outcomes. The presented research adjusted for this bias based on prior evidence which resulted in non-significant health impact from certain point-of-use drinking water treatments and from hygiene promotion (sections 2.3 (41) and 2.9 
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(52)). This is in line with previous research (95,103). Alternative approaches are available that could be directly integrated in intervention design and implementation such as the use of negative control outcomes or attention control groups (145). Negative control outcomes are those outcomes that are not plausibly related to the intervention of interest, such as the prevalence of bruising or scrapes following a WASH intervention (146). In an attention control group an intervention that mimics the non-specific or theoretically inactive elements of the main intervention, such as intensity of contact, is implemented (68,69). The anticipated outcome of the attention control intervention needs to be independent from the outcome of the main intervention (68,69). An attention control group was used in the research presented here to reduce bias from lack of blinding and study drop-out (section 2.7 (65,67)). To further improve WASH interventions and their usability for disease burden analysis, research on intervention implementation, intervention quality, intermediate outcomes, determinants of intervention effectiveness and the relation between access and actual use of services would be useful (12). 
Regarding the many limitations of intervention studies to derive the exposure-response relationships for disease burden estimation, the role of other study designs should be explored. One example are pre-existing, non-randomized interventions (147,148) which often happen in large and representative populations. Another example is the use of data from country-representative household surveys such as Multiple Indicator Cluster Surveys (MICS) and Demographic and Health Surveys (DHS) (149), potentially using matching methods for generating “intervention” and “control” groups (97). Using results of alternative study designs (27) might be an important step to increase data availability for example for the provision of higher level services and for settings such as high-income countries.  
Future WASH-attributable burden of disease assessments might benefit from combined exposure scenarios of water, sanitation and hygiene because there are likely important linkages and interactions between the different WASH exposure categories. Such combined scenarios were already used in previous burden of disease assessments (31). This would also solve the discussed issue of using Equation 2 for combining different PAFs for a cluster of risk factors. Future assessments might also calculate the disease burden from several counterfactual scenarios, e.g. different definitions of the theoretical minimum risk but also plausible and feasible minimum risk exposure levels. This might also help explaining the varying size of WASH-attributable disease burden that has been observed over the last decade.   
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Major differences between estimates from recent WASH-attributable burden of disease assessments (12,18,24,27,37–40) highlight the need for developing harmonized approaches of assessing exposures, defining counterfactual distributions, and calculating exposure-response relationships and the associated disease burden. As burden of disease estimates have great policy relevance and often guide the choice of priorities and investments, environmental burden of disease assessments require clear communication of limitations and assumptions. Sensitivity analyses showing the impact of different assumptions on results should be conducted and presented.   
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Appendix 1 
A1.1: The JMP service ladders for drinking water, sanitation and hygiene 
Definitions are taken verbatim from the JMP website (11).  
Drinking water 
Safely managed drinking water: Drinking water from an improved water source which is located on premises, available when needed and free from faecal and priority chemical contamination. 
Basic drinking water: Drinking water from an improved source, provided collection time is not more than 30 minutes for a roundtrip including queuing. 
Limited drinking water*: Drinking water from an improved source for which collection time exceeds 30 minutes for a roundtrip including queuing. 
Unimproved drinking water: Drinking water from an unprotected dug well or unprotected spring, surface drinking water which is water from a river, dam, lake, pond, stream, canal or irrigation canal. 
Improved drinking water sources are those that have the potential to deliver safe water by nature of their design and construction, and include: piped water, boreholes or tubewells, protected dug wells, protected springs, rainwater, and packaged or delivered water. (13) 
Sanitation 
Safely managed sanitation: Use of improved facilities which are not shared with other households and where excreta are safely disposed in situ or transported and treated off-site. 
Basic sanitation: Use of improved facilities which are not shared with other households. 
Limited sanitation*: Use of improved facilities shared between two or more households. 
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Unimproved sanitation: Use of pit latrines without a slab or platform, hanging latrines or bucket latrines, and open defecation which is the disposal of human faeces in fields, forests, bushes, open bodies of water, beaches and other open spaces or with solid waste. 
Improved sanitation facilities are those designed to hygienically separate excreta from human contact, and include: flush/pour flush to piped sewer system, septic tanks or pit latrines; ventilated improved pit latrines, composting toilets or pit latrines with slabs. (14) 
Hygiene  
Basic handwashing facility: Availability of a handwashing facility on premises with soap and water. 
Limited handwashing facility: Availability of a handwashing facility on premises without soap and water. 
No facility: No handwashing facility on premises.  
Handwashing facilities may be fixed or mobile and include a sink with tap water, buckets with taps, tippy-taps, and jugs or basins designated for handwashing. Soap includes bar soap, liquid soap, powder detergent, and soapy water but does not include ash, soil, sand or other handwashing agents. 
* In this work, limited drinking water and limited sanitation are usually grouped under unimproved drinking water and sanitation.  
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A1.2: Different PAF formulas 
Different formulas with different properties are available for calculating the PAF (Table A1).  
Table A1: PAF formulas and their properties PAF formula properties  PAF = (Re- Ro)Re  not valid when confounding is present (A1) PAF = pe ⋅ (RR - 1)1+ pe ⋅ (RR - 1) not valid when confounding is present (A2) PAF = ∑  pj⋅ (RRj - 1)nj=1
∑  1+pj⋅ �RRj - 1�nj=1  same as Equation A2 but for various exposure levels (A3) PAF = pc ⋅ �RRadj - 1�RRadj  valid when confounding is present (A4) PAF = � Wizi=1  pi ⋅ (RRi - 1)1+ pi ⋅ (RRi - 1) valid when confounding and effect modification are present (A5) 
where 𝑅𝑅𝑒𝑒 is the risk of disease in the total population, 𝑅𝑅𝑜𝑜 is the risk of disease in the unexposed population, 𝑝𝑝𝑒𝑒  is the proportion of the population exposed, 𝑅𝑅𝑅𝑅 is the causal unadjusted relative risk associated with exposure, 𝑝𝑝𝑗𝑗  is the proportion of the exposed population at exposure level j, 𝑅𝑅𝑅𝑅𝑗𝑗 is the unadjusted relative risk for exposure level j (relative to the baseline category), n is the number of exposure level, 𝑝𝑝𝑐𝑐  is the proportion of cases exposed, 𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎𝑗𝑗 is the causal adjusted relative risk associated with exposure, 𝑝𝑝𝑖𝑖 is the proportion of the population in stratum i who are exposed (adjustment factor form i joint strata), 𝑊𝑊𝑖𝑖 is the proportion of cases among all cases in stratum i and z is the total number of strata.  
Formulas A1, A2 and A5 are mathematically equivalent (25). Equation A3 is an extension of Equation A2 and includes more than two exposure levels. The first three formulas (Equations A1-A3) are not valid when there is confounding in the exposure-disease association and should only be used with unadjusted relative risks (22,111). The PAF calculated using Equation A4 is valid when relative risks needed adjustments for confounding factors and requires the proportion of cases exposed (111,150). Finally, PAFs calculated with Equation A5 remain valid when confounding and effect modification are present and is based on a weighted-sum of stratum-specific attributable fractions (111,151). Strata are defined by one or more adjustment factors and weighted by the proportion of cases in each stratum among all cases. This equation 
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requires detailed information, namely exposure and disease prevalence and exposure-response relationships for each stratum. Further difficulties arise if adjustment factors are not categorical or if multiple adjustment factors lead to sparse data in the different strata (111). Note that this equation can also accommodate several exposure levels as in Equation A3.  
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A1.3: Definition and calculation of DALYs 
DALYs are defined and calculated as: 
 DALYs = YLL + YLD         (A6) 
where YLL are years of life lost due to premature mortality and YLD are years of life lived with disability due to disease incidence (8,23). YLL and YLD are calculated as follows: 
YLL = ∑ Ni ⋅ Li          (A7) 
where 𝑁𝑁𝑖𝑖  is the number of deaths from the specific cause in age group i and 𝐿𝐿𝑖𝑖 is the standard remaining life expectancy at death from the cause of interest for age group i.  
YLD = I ⋅ DW ⋅ L         (A8) 
where 𝐼𝐼 is the number of incident cases, 𝐷𝐷𝑊𝑊 is a disability weight and 𝐿𝐿 is the mean duration of disease (8,23). Disability weights have values between 0 and 1 where 0 equals a state of full health and 1 equals death. They are supposed to indicate the amount of ill health associated with a single given health state (24). Disability weights are generated from surveys in different countries in which participants are presented two hypothetical individuals with different health states for judging which of the two persons they consider healthier (152). 
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A1.4: List of publications 
Publications are ordered chronologically starting with the most recent. Those publications that are key papers for this PhD thesis are marked with an asterix (*). These publications are discussed in detail in sections 2.2 to 2.12 of the critical analysis. Note: In sections 2.2 to 2.12 publications are ordered differently and starting with the most dating-back publication to show the development of the presented research.   
Journal articles 
1. Cumming O, Arnold B, Ban R, Clasen T, Guiteras R, Gordon B, Howard G, Pickering A, Esteves Mills J, Hunter P, Johnston R, Prendergast A, Prüss-Ustün A, Rosenboom JW, Freeman M, Spears D, Sundberg S, Wolf J, Null C, Luby S, Humphrey J and Colford J (2019) The Implications of Three Major New Trials for the Effect of Water, Sanitation and Hygiene on Childhood Diarrhoea and Stunting - A Consensus Statement. BMC Med, doi: 10.1186/s12916-019-1410-x 
2. * Prüss-Ustün A, Wolf J, Bartram J, Clasen T, Cumming O, Freeman MC, Gordon B, Hunter PR, Medlicott K, Johnston R (2019) Burden of disease from inadequate water, sanitation and hygiene for selected adverse health outcomes: an updated analysis with a focus on low- and middle-income countries, Int J Hyg Environ Health, doi: 10.1016/j.ijheh.2019.05.004 
3. * Wolf J, Johnston R, Hunter PR, Gordon B, Medlicott K, Prüss-Ustün A (2018) A Faecal Contamination Index for interpreting heterogeneous diarrhoea impacts of water, sanitation and hygiene interventions and overall, regional and country estimates of community sanitation coverage with a focus on low- and middle-income countries. Int J Hyg Environ Health. doi: 10.1016/j.ijheh.2018.11.005.  
4. * Wolf J, Johnston R, Freeman MC, Ram PK, Slaymaker T, Laurenz E, Prüss-Ustün A (2018) Handwashing with soap after potential faecal contact: Global, regional and country estimates. Int J Epidemiol, doi: 10.1093/ije/dyy253. 
5. * Wolf J, Hunter PR, Freeman MC, Cumming O, Clasen T, Bartram J, Higgins JPT, Johnston R, Medlicott K, Boisson S, Prüss-Ustün A. (2018) Impact of 
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drinking water, sanitation and handwashing with soap on childhood diarrhoeal disease: updated meta-analysis and meta-regression. Trop Med Int Health, Volume 23, Issue 5, March 2018 doi: 10.1111/tmi.13051. 
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Appendix 2 
A2.1: Publications included in this critical analysis 
The following eleven peer-reviewed articles are included as main research in this critical analysis. They are included chronologically and in the same order as listed in sections 2.2-2.12.  
An exploration of multilevel modeling for estimating
access to drinking-water and sanitation
Jennyfer Wolf, Sophie Bonjour and Annette Prüss-Ustün
ABSTRACT
Monitoring progress towards the targets for access to safe drinking-water and sanitation under the
Millennium Development Goals (MDG) requires reliable estimates and indicators. We analyzed trends
and reviewed current indicators used for those targets. We developed continuous time series for
1990 to 2015 for access to improved drinking-water sources and improved sanitation facilities by
country using multilevel modeling (MLM). We show that MLM is a reliable and transparent tool with
many advantages over alternative approaches to estimate access to facilities. Using current
indicators, the MDG target for water would be met, but the target for sanitation missed considerably.
The number of people without access to such services is still increasing in certain regions. Striking
differences persist between urban and rural areas. Consideration of water quality and different
classiﬁcation of shared sanitation facilities would, however, alter estimates considerably. To achieve
improved monitoring we propose: (1) considering the use of MLM as an alternative for estimating
access to safe drinking-water and sanitation; (2) completing regular assessments of water quality and
supporting the development of national regulatory frameworks as part of capacity development; (3)
evaluating health impacts of shared sanitation; (4) using a more equitable presentation of countries’
performances in providing improved services.
Jennyfer Wolf (corresponding author)
Sophie Bonjour
Annette Prüss-Ustün
Department for Public Health and Environment,
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INTRODUCTION
Providing universal access to safe water and sanitation ser-
vices could have prevented 1.9 million deaths and reduced
global child mortality by 15% in 2004 (WHO ). Access
to safe water and improved sanitation signiﬁcantly reduces
diarrheal diseases (Waddington et al. ; Cairncross
et al. ) and other illnesses such as intestinal helminth
infections, schistosomiasis and trachoma (Esrey et al. ;
Ziegelbauer et al. ). One Millennium Development
Goal (MDG) target is to halve, by 2015, the proportion of
people without sustainable access to safe water and basic
sanitation (United Nations ). However, in 2010 an esti-
mated 2.5 billion people still lacked access to improved
sanitation and 780 million to an improved water source
(JMP a). The term ‘water’ throughout this document
refers to water for drinking, cooking and personal hygiene.
For future priority setting, we need reliable, reproduci-
ble, statistically sound estimates for country, regional and
global access to safe water and sanitation. Since 1990, the
World Health Organization (WHO)/United Nations Chil-
dren’s Fund (UNICEF) Joint Monitoring Programme (JMP)
examines progress and trends in this connection (JMP
a). With the end of the MDG period approaching and
the agenda for the post-MDG era under consideration, it is
important to consider reﬁnements of monitoring and evalu-
ation. Current approaches are mostly limited to linear trends
(JMP a). Additionally, there has been debate whether
estimates could be improved by considering water quality
(Bain et al. ; JMP a; Onda et al. ) and on the
possible reclassiﬁcation of certain sanitation services (JMP
a). Therefore we developed estimates for access to
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improved water sources and improved sanitation facilities
using advanced modeling methods and reconsidered the
deﬁnition of the access indicators depending on safety for
health. The JMP task force on methods recommended that
the JMP method be reviewed (JMP b). The content of
this paper may contribute to these discussions.
This article presents trends in access to safe water and
sanitation over 25 years using available survey information
and a sound modeling approach. Furthermore, we discuss
the inclusion of water quality, different ways to consider
shared sanitation and the potential impact such changes
would have. Finally, we propose an alternative indicator to
monitor the MDG targets which would more equitably rep-
resent the performance of countries.
METHODS
Data compilation and classiﬁcation
We used the JMP database on access to improved water
sources and improved sanitation facilities. It contains data-
sets collected through nationally representative household
surveys and censuses (JMP a). The data represent per-
centages of households using different improved sources/
facilities, disaggregated by urban and rural population. For
the national level (urban and rural combined), nearly
1,100 data points for both water and sanitation were
included. Detailed information about data sources and
classiﬁcation of a facility as improved or unimproved can
be found in the JMP reports (JMP a, a). The
survey estimates from the JMP datasets can be found
on the JMP website (www.wssinfo.org/documents-links/
documents/?tx_displaycontroller[type]¼country_ﬁles). The
number of surveys available ranged between zero and 30
with a mean of six per country. Out of 145 low and
middle income countries (LMIC), 140 (for water) and 132
(for sanitation) are covered by at least one survey. A table
with number of observations by time period and region is
available in the Supplemental Material at www.who.int/
quantifying_ehimpacts/en/index.html.
Prior to considering a dataset for estimation, the JMP
examines every response category of the relevant questions
of every survey to ensure they match those used for
reporting purposes. In cases of discrepancies with national
ﬁgures, usually attributable to the categories used, JMP
engages with the national monitoring authorities to identify
problems and seek solutions. To date, JMP have had such
discussions in over 40 countries. Most of the discrepancies
arise from differences in deﬁnitions of improved access,
especially in the older datasets. One example consists in
an ‘uncovered’ latrine type in China which was classiﬁed
as ‘unimproved’, but which would fall under the ‘improved’
JMP classiﬁcation – the seat was indeed uncovered, but the
pit itself – which matters for the JMP deﬁnition – was actu-
ally covered. Recent discussions with Chinese survey
authorities revealed the reasons for these differences.
Adjustments not only changed Chinese sanitation coverage
but had a signiﬁcant impact on global ﬁgures.
In general, JMP harmonization exercises led to interna-
tionally adopted and harmonized core questions and
response categories and hence to greater data comparability
and accuracy of estimates. Additionally, recent surveys pro-
vide more disaggregation, and therefore less ambiguity.
Several initiatives are contributing to the ‘reconciliation’
between past and recent datasets, such as the Accelerated
Data Programme of the International Household Survey
Network, which was established to improve the coordi-
nation and effectiveness of surveys (International
Household Survey Network ). However, harmonization
between historical and recent data remains a challenge and
not always completely achievable.
Modeling approach
Criteria for model selection included: (a) closeness of
modeled estimates to the survey points without following
all within-country variability which might be partly due to
systematic and non-systematic error; (b) transparency, sim-
plicity and reproducibility of the model; and (c) ability to
estimate for countries with little or no information. We
therefore applied a linear two-level model with a logit-
transformation of the dependent variable (access to
improved water sources or improved sanitation), a cubic
spline transformation of the main predictor (time), region
(21-Global Burden of Disease (GBD)-Regions (Harvard
University et al. )) as a covariate and a random intercept
and slope by country.
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Multilevel modeling (MLM) creates continuous esti-
mates over the speciﬁed time period. It considers the
hierarchical structure of the whole dataset: survey points
are correlated within countries which are assumed to be a
random sample from a bigger population. Instead of calculat-
ing an intercept and regression slope separately for each
country as is currently done in JMP, themultilevel model esti-
mates an average intercept and an average slope with
residual variances across countries. In practice, countries
are assumed to follow the regional mean in case the trend
information for the country is scarce or absent. When there
is reliable information for a speciﬁc country (i.e. many data
points and little within-country variability) the country
curve will closely follow the country survey points, whereas
for unreliable information (i.e. few country data points or
high within-country variability) the estimates will still be
close to the survey points but the trend will tend to follow
the overall mean (Goldstein ; Hox ; Steele ).
We applied a two-level model allowing a random inter-
cept and slope by country. The model was applied separately
to the total, the rural and the urban population. Estimates
were derived using maximum likelihood. The dependent
variable was logit-transformed to restrict estimates and con-
ﬁdence intervals between zero and one (or 100%) and to use
the speciﬁc shape of the logit curve with a slower increase
when access approaches 100%. The logit transformation
leads to increasingly asymmetric and narrow conﬁdence
intervals close to zero or 100% (De Onis et al. ). Like-
lihood ratio test and the Akaike Information Criterion
(AIC) were used to decide the inclusion of random and
ﬁxed effects. We assumed unstructured covariance between
the random intercept and random slope. Random effects
and the dependent variable (after transformation) followed
normal distributions (Quené & van den Bergh ). A
cubic spline transformation of time (the main predictor)
was chosen on inspection of the curves and to accommo-
date additional ﬂexibility for future trends (see additional
explanations in the Supplemental Material at www.who.
int/quantifying_ehimpacts/en/index.html). Knots, which
determine the ﬂexibility of the curve, were set after 25, 50
and 75% of data points. Sensitivity analyses were performed
with different transformations of the dependent and inde-
pendent variable (different splines and random/ﬁxed
effects, non-logit transformation) and the choice of the
ﬁnal model was based on likelihood ratio tests, the AIC
and inspection of the curves. For countries with no infor-
mation, the regional mean trend was taken as the best
estimate.
Conﬁdence intervals on the national level were calcu-
lated as the square root of the combined ﬁxed- and
random-level variances, which were assumed to be indepen-
dent. The regional estimates in Tables 1–3 were calculated
as the population weighted average of the country estimates.
The global estimate was calculated accordingly as the popu-
lation weighted average of the regional estimates.
Conﬁdence intervals for regional and global estimates
were calculated using regional and global standard errors
derived as the square root of the weighted country var-
iances. The country variances on the natural scale were
estimated from the country logit variances using the delta
method, which has been applied before and described in
detail by De Onis et al. (). To calculate population num-
bers we used the population ﬁgures from the United Nations
Population Division ().
We present estimates for WHO regions (Sub-Saharan
Africa, the Americas, Eastern Mediterranean, Europe,
South-East Asia, and Western Paciﬁc – with high income
countries (HIC) grouped separately (WHO )) and, further-
more, disaggregated in urban and rural areas (Tables 1 and 2).
For all analyses discussed in this paper, Equatorial Guinea
was not considered a high income country but grouped with
other Sub-Saharan African countries. All analyses were per-
formed with Stata 12 (StataCorp. 2011. Stata Statistical
Software: Release 12. College Station, TX: StataCorp. LP).
Water quality
Not all water sources that are classiﬁed as improved provide
water with a quality that complies with WHO drinking
water quality guidelines (WHO ) or are safe for health.
Hence, the currently used MDG estimates should be cor-
rected for access to safe water. Between 2004 and 2007,
the JMP conducted nationally representative and compar-
able water quality tests in ﬁve pilot countries, the WHO/
UNICEF Rapid Assessments of Drinking Water Quality
(RADWQ) (JMP b). These assessments covered Ethio-
pia, Jordan, Nicaragua, Nigeria, and Tajikistan, and tested
water quality of different technologies for microbial and
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chemical contamination for one point in time. Thermo-
tolerant coliform bacteria were indicators for microbial
contamination; ﬂuoride, arsenic and nitrate were indicators
for chemical contamination.
We also used similar assessments performed in China
and India. In the Chinese assessment 1,604 and in the
Indian 11,757 water sources were tested. Chinese
RADWQ, however, covered one region only and tested
total rather than thermotolerant coliforms. The Indian
assessment was not conducted as an ofﬁcial RADWQ but
followed the same methodology. It examined compliance
to BIS 10500 (Bureau of Indian Standards ), which is
based on WHO and national guidelines on drinking water
quality. We only used the value for microbial water quality
from the Indian RADWQ as chemical water quality testing
was not done for arsenic. A systematic literature search in
Medline and the internet did not yield any additional
signiﬁcant country representative data on water quality at
point of use for low income countries. The total information
on water quality, therefore, does not exceed one or two
country representative surveys per large geographical region.
We compiled water quality estimates for piped to the
household and non-piped improved sources from the
above described assessments. We then extrapolated these
water quality estimates from the respective countries to
other countries in the same region (WHO region). We esti-
mated piped water using MLM (see Supplemental material
for details, available online at http://www.iwaponline.
com/jwh/011/107.pdf) and non-piped improved sources as
the difference between total improved and piped sources
by country. We then multiplied the respective water quality
proportions with those national estimates on piped and non-
piped sources to estimate the population proportion without
access to safe water in 2010. Water quality from unimproved
Table 1 | Percentage of population without access to improved water sources, by region
1990 2010 2015
Regiona % 95% CI % 95% CI % 95% CI
Low and middle income countries
Sub-Saharan Africa Total 51.9 46.0, 57.8 35.9 29.7, 42.1 32.2 25.4, 39.0
Urban 16.7 14.5 14.4
Rural 65.9 49.8 45.9
Americas Total 14.4 6.0, 22.8 5.8 2.8, 8.8 4.7 2.3, 7.1
Urban 5.3 2.5 2.1
Rural 36.9 18.7 15.8
Eastern Mediterranean Total 21.5 14.7, 28.3 15.0 10.4, 19.6 13.7 9.0, 18.4
Urban 7.4 6.2 6.3
Rural 31.4 22.1 20.1
Europe Total 10.5 6.2, 14.8 4.4 2.5, 6.3 3.6 1.9, 5.3
Urban 2.9 1.1 0.9
Rural 22.5 9.9 8.4
South-East Asia Total 26.0 7.2, 44.8 11.9 2.2, 21.6 9.8 1.6, 18.0
Urban 9.3 5.4 4.8
Rural 32.4 14.5 12.0
Western Paciﬁc Total 32.7 0.1, 78.6 9.5 1.6, 40.9 6.8 1.1, 32.3
Urban 4.1 1.7 1.4
Rural 44.4 16.8 12.9
High income countries Total 1.3 0.4, 4.1 0.5 0.2, 1.4 0.4 0.1, 1.2
Urban 0.4 0.1 0.1
Rural 4.3 1.4 1.1
World Total 23.3 11.2, 35.4 11.8 7.2, 16.4 10.1 6.5, 13.7
Urban 4.9 3.5 3.4
Rural 37.3 20.1 17.7
aGrouped according to WHO regions and income category (WHO 2012).
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sources was considered as 100% contaminated and water
sources in HIC were assumed to be 100% safe.
Shared sanitation
Sanitation shared between households and public sanitation
are on the increase in developing countries, but the bound-
aries between the two remain nebulous. Generally, shared
facilities use improved technology. However, the JMP con-
siders every shared sanitation technology as unimproved,
given uncertainty about actual use, hygiene and safety for
health.
The JMP adjusts for shared sanitation in its ﬁnal esti-
mates for access to improved sanitation by subtracting the
mean over available survey estimates for shared sanitation
use individually by country. However, this approach is cur-
rently not homogeneous, as for 34 LMIC no data on
shared sanitation use are available, in which case no value
will be subtracted. Therefore, JMP ﬁnal estimates cannot
be compared across countries, as the ﬁnal value for access
to improved sanitation sometimes includes and sometimes
excludes shared sanitation facilities.
For our ﬁnal estimates (as presented in Tables 1–3) we
continued using the JMP classiﬁcation and considered all
shared sanitation as unimproved. We estimated shared
sanitation use with a two level MLM for LMIC (see Sup-
plemental material for additional information, available
online at http://www.iwaponline.com/jwh/011/107.pdf).
Table 2 | Percentage of population without access to improved sanitation, by region
1990 2010 2015
Regiona % 95% CI % 95% CI % 95% CI
Low and middle income countries
Sub-Saharan Africa Total 73.3 69.3, 77.3 66.1 61.6, 70.7 64.0 57.2, 70.8
Urban 56.6 54.9 55.1
Rural 80.4 74.2 70.8
Americas Total 32.6 16.3, 48.9 21.1 8.9, 33.3 19.3 7.9, 30.7
Urban 20.7 15.8 15.2
Rural 62.4 41.0 36.6
Eastern Mediterranean Total 51.3 42.0, 60.6 35.4 24.8, 46.0 32.9 22.0, 43.8
Urban 23.1 18.1 18.0
Rural 70.3 49.6 44.7
Europe Total 19.5 10.8, 28.2 16.6 8.2, 25.0 16.4 7.4, 25.4
Urban 13.5 13.0 13.1
Rural 31.0 22.4 21.1
South-East Asia Total 74.8 62.0, 87.6 56.2 35.7, 76.7 51.7 29.7, 73.7
Urban 48.6 35.8 33.7
Rural 84.5 66.1 59.8
Western Paciﬁc Total 67.4 28.9, 91.3 34.1 7.8, 76.0 27.1 5.6, 70.0
Urban 45.2 24.6 20.7
Rural 76.9 41.8 33.3
High income countries Total 1.5 0.7, 3.0 0.6 0.3, 1.3 0.5 0.2, 1.2
Urban 0.5 0.2 0.2
Rural 3.5 1.4 1.2
World Total 50.4 40.8, 60.0 36.5 25.6, 47.4 33.6 23.4, 43.8
Urban 24.5 20.8 20.2
Rural 70.1 52.4 47.6
aGrouped according to WHO regions and income category (WHO 2012).
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For shared sanitation use, only 192 country, 229 rural and
233 urban survey estimates were available. The regional
mean was taken for LMIC with no information. For HIC,
the proportion of shared sanitation use was assumed to be
zero unless survey estimates were available for those
countries, in which case their mean was extrapolated to
the whole time period. Such estimated values for shared
sanitation use were then deducted from the original survey
points which indicate the use of improved shared and
unshared facilities. The multilevel model was run on these
estimates (survey points minus estimates for shared sani-
tation). For comparison, we subsequently recalculated
global ﬁgures while considering shared sanitation of an
improved technology as improved.
RESULTS
The complete time series (1990–2015) for each country is
available at www.who.int/quantifying_ehimpacts/en/index.
html. This site also contains additional information (number
of surveys per time period and region, model equations,
model evaluation, etc.) under ‘Supplemental material’.
Country, regional and global trends
Complete data series between 1990 and 2015 for access to
improved water sources and sanitation were generated for
193 WHO Member States. We estimate that, globally, the
proportion of people without access to an improved water
source will be reduced from 23% in 1990 to 10% in 2015.
The number of unserved people, however, will be reduced
by only 40%. Sub-Saharan Africa and the Eastern Mediterra-
nean region will not halve their proportion of the unserved
population. Furthermore, the number of people without
access to an improved water source in these two regions is
projected to increase by an additional 46 million people
(Tables 1 and 3).
The global proportion of people without access to
improved sanitation will be reduced from 50% in 1990 to
34% in 2015. The number of unserved people will decline
only by little more than 200 million. If we were to apply
the MDG target to regions, only Western Paciﬁc would
achieve the sanitation target by 2015 (Tables 2 and 3).
Figures 1 and 2 show the modeled global and regional
trend in access to improved water sources and sanitation
facilities between 1990 and 2015. The diamonds on the
Table 3 | Total population without access to improved water sources or improved sani-
tation, by region
1990 2010 2015
Regiona
n (in
million)
n (in
million)
n (in
million)
Low and middle income countries
Sub-Saharan Africa Water 263 300 304
Sanitation 371 553 604
Americas Water 63 34 29
Sanitation 142 123 119
Eastern
Mediterranean
Water 77 83 82
Sanitation 183 194 198
Europe Water 41 18 15
Sanitation 77 67 67
South-East Asia Water 343 215 187
Sanitation 985 1,017 994
Western Paciﬁc Water 430 151 111
Sanitation 886 540 442
High income
countries
Water 13 5 4
Sanitation 14 7 6
World Water 1,229 806 733
Sanitation 2,658 2,501 2,429
aGrouped according to WHO regions and income category (WHO 2012).
Figure 1 | Regional and global development towards the MDG water target. pp: per-
centage points, AF: Sub-Saharan Africa, AM: Americas, EM: Eastern
Mediterranean, EU: Europe, SEA: South-East Asia, WP: Western Paciﬁc, low
and middle income countries only, world line includes high income countries.
Diamond: MDG-target (if extrapolated to regions), numbers (pp): distance from
MDG-target.
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right of the ﬁgure represent the MDG target globally and
extrapolated to the region. The percentage points in the
two ﬁgures indicate the difference between the MDG and
the actual achievement; a minus indicates an estimated lag-
ging behind the goal. Sub-Saharan Africa, for example, is
estimated to miss the target of halving its population without
access to improved water sources in 2015 by around six per-
centage points.
Access to services is consistently higher for urban com-
pared to rural areas. However, the decrease in the
proportion of the urban population without access to
improved services between 1990 and 2015 was slower com-
pared to the rural population (Tables 1 and 2). The total
number of the urban population without access will rise
globally between 1990 and 2015 from 109 to 130 million
(access to an improved water source) and from 548 million
to 765 million (access to improved sanitation).
Taking water quality into account
After adjusting our estimates with summary microbial and
overall water quality (Table 4), calculated as described
above, the proportion of the world’s population without
access to safewater in 2015 rose from12 to 30% formicrobio-
logically unsafe water and to 33% for overall unsafe water
(Table 5).
Differing classiﬁcations of shared sanitation
Our ﬁnal estimates on access to improved sanitation in
Tables 2 and 3 and Figure 2 do not include shared facilities
because we classiﬁed all shared sanitation as unimproved
and deducted modeled estimates of shared sanitation use
for each country from the original survey points. However,
because of the ongoing controversy about the actual
impact on health of shared facilities (see also Discussion sec-
tion) we recalculated our estimates to show the approximate
impact on results a different classiﬁcation of shared sani-
tation might have. When all shared sanitation facilities of
an improved technology were classiﬁed as ‘improved’, only
23% of the world population would be without access in
2015 compared to 34% with the current classiﬁcation. Fur-
thermore, the proportion of the population without access
to improved sanitation would nearly halve between 1990
and 2015 (Table 6).
DISCUSSION
Results
The MDG drinking-water target has been met if access to
improved water sources is equated with sustainable access
Table 4 | Assumed regional microbial and overall compliance percentages (LMIC only)
Microbial complianceb Overall compliancec
Regiona
Piped
(%)
Other
improved (%)
Piped
(%)
Other
improved (%)
Sub-Saharan Africa 83.1 67.2 78.9 63.2
Americas 89.9 34.0 89.0d 28.6d
Eastern
Mediterranean
99.9 100e 97.8 100e
Europe 88.6 82.0 88.2 82.0
South-East Asiaf 43.0 56.7 43.0e 56.7e
Western Paciﬁc 99.0 53.7 98.0d 24.2d
aGrouped according to WHO regions (WHO 2012).
bIndicator: thermotolerant Escherichia coli (China: total coliforms).
cIndicators: thermotolerant E. coli (China: total coliforms), arsenic, nitrate, ﬂuoride.
dOverall compliance not recorded, calculated assuming independence of individual
estimates.
eChemical compliance did not include arsenic and therefore overall compliance was not
calculated.
fCompliance to BIS 10500 (Bureau of Indian Standards 2005).
Figure 2 | Regional and global development towards the MDG sanitation target. pp:
percentage points, AF: Sub-Saharan Africa, AM: Americas, EM: Eastern Med-
iterranean, EU: Europe, SEA: South-East Asia, WP: Western Paciﬁc, low and
middle income countries only, world line includes high income countries.
Diamond: MDG-target (if extrapolated to regions), numbers (pp): distance from
MDG-target.
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to ‘safe’ water. We estimate that in 2015 only 10% of the
world population will not have access to an improved
water source. However, the sanitation target will be
missed substantially if current trends continue. Alarmingly,
the number of people without access to an improved water
source or improved sanitation increased over time in some
regions. This shows that the rates of improvement in
access are generally not keeping up with population
growth, especially in urban areas.
Generally, urban populations are considerably better
served. Urbanization can facilitate the provision and lower
the costs of facilities (Satterthwaite ). However, the
comparatively small progress in those areas indicates that
service provision is increasingly lagging behind population
growth and rapid urbanization (JMP a).
Modeling approach
We believe that MLM offers several advantages over tra-
ditional linear regression used by the JMP. Those include a
single model for all countries, a ﬂexible, still more stable
curve, a continuous time series for all countries covering
the whole MDG period, the additional information for
countries with scarce data and the possibility to estimate
for countries with no information. The JMP currently
extrapolates the regression line over a limited number of
Table 5 | Estimates for not having access to safe water in 2010 adjusted for water quality
Population unservedb
Population unserved adjusted
microbial compliancec
Population unserved adjusted
overall complianced
Regiona % N in million % N in million %
Low and middle income countries
Sub-Saharan Africa 35.9 453 54.1 475 56.7
Americas 5.8 119 20.5 127 21.8e
Eastern Mediterranean 15.0 83 15.1f 90 16.3f
Europe 4.4 67 16.5 68 16.8
South-East Asiag 11.9 960 53.1 960h 53.1h
Western Paciﬁc 9.5 374 23.6 520 32.8e
High income countries 0.5 5 0.5 5 0.5
World 11.8 2,062 30.1 2,244 32.7
aGrouped according to WHO regions and income category (WHO 2012).
bWithout access to an improved water source.
cAdjusted for microbial quality.
dAdjusted for microbial and chemical quality.
eOverall compliance not recorded, calculated assuming independence of individual estimates.
fOnly piped water was adjusted.
gCompliance to BIS 10500 (Bureau of Indian Standards 2005).
hInformation available for microbial compliance only.
Table 6 | Global estimates when shared sanitation of an improved technology is classiﬁed as ‘unimproved’ versus ‘improved’
MLMa main estimates MLMa estimate, recalculation
Shared sanitation as ‘unimproved’ Shared sanitation as ‘improved’
Sanitation N in million (%) N in million (%)
Population not served 1990 2,658 (50.4) 2,402 (45.6)
Population not served 2010 2,501 (36.5) 1,821 (26.6)
Population not served 2015 2,429 (33.6) 1,656 (22.9)
aMLM: multilevel modeling.
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years after the latest point and subsequently extends it hori-
zontally (JMP c). This leads to a sudden step in the
estimates which is unlikely to happen in reality (Figures 3
and 4). Although global estimates of MLM differ only
slightly from JMP estimates, they can differ substantially
for individual countries, with up to 14 percentage points
for access to an improved water source and 49 percentage
points for access to improved sanitation. Furthermore,
MLM proposes approximate estimates based on the regional
mean for nine countries for water and 21 countries for
Figure 3 | Modeled access to an improved water source using multilevel modeling and JMP-methodology and survey data, country examples. JMP: Joint Monitoring Programme.
Figure 4 | Modeled access to improved sanitation using multilevel modeling and JMP-methodology, and survey data, country examples. JMP: Joint Monitoring Programme.
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sanitation when no data are available. These estimates for
countries without suitable survey data are indicative values
only, to be used mainly for computing regional and global
estimates, and are not meant to replace the more accurate
measurements made by surveys or census. Current JMP
method excludes countries without any survey point for
computing regional or global estimates.
Some limitations should be noted. For countries with lim-
ited data, more information is used from other countries
compared to countries with more information. We did not
include further covariates into the model because they did
not improve the model. In addition, forecasts to 2015 are
based on current trends, meaning that policy or economic
changes initiated after the last survey are not reﬂected. We
also did not consider uncertainties associated with the
survey estimates arising from sampling and non-sampling
errors.
Consideration of water quality in monitoring the MDG
targets
The MDG target addresses access to ‘safe’ water and ‘basic’
sanitation, whereas the indicators to monitor the targets are
use of an ‘improved’ source or facility.
It was shown (JMP ; Bain et al. ) that consider-
ing representative data on water quality from the RADWQ
considerably changes estimates for access to ‘safe’ water.
To estimate access to actually ‘safe’ water on our estimates,
we extrapolated national data on water quality of those
assessments to countries in the same region and to the
year 2010. Thereby, the number of people without access
to safe water tripled and the unserved proportion increased
by 21 percentage points in 2010. The currently used proxy
indicator therefore might considerably overestimate the
true access to safe water. However, data obtained by the
RADWQ have to be interpreted with caution as they present
a one-time measurement, do not consider seasonal ﬂuctu-
ations of water quality and use data collection methods
that are not fully harmonized across countries (JMP
c). China, for example, reported total coliforms as indi-
cator for microbial water quality whereas the other
RADWQ measure thermotolerant E. coli. India did not
test for contamination with arsenic and therefore overall
compliance was not reported for South-East Asia. Our
estimates are therefore not exact but highlight the difference
between access to ‘improved’ services and actual safe access
and the importance of collecting nationally representative
water quality data by technology type.
If our estimates were adjusted for data onmicrobial com-
pliance over the whole MDG period, they would show a
shortfall towards the water target by around nine percentage
points in 2015. This estimate, based on extrapolation of
national data to the region, is remarkably close to a previous
estimate based onmodeling water quality using data from the
ﬁve published RADWQ (Onda et al. ). In addition, our
analysis includes ﬁeld data for China and India, which
together constitute about 37% of the world’s population.
This analysis therefore extends but also strengthens previous
results. It should, however, be treated with caution because it
is unlikely that compliance proportions remained constant
over time and that country data can be extrapolated to
other countries. More and better information on water qual-
ity would lead to more meaningful estimates.
Shared sanitation
‘Shared sanitation’ in the JMP dataset combines private sani-
tation shared between households, and public sanitation.
Public sanitation was shown not to reduce morbidity in par-
ticular settings (Khan ). Additionally, it is often used by
too many people, poorly maintained, far away, expensive
and can pose a risk for interpersonal violence (Bapat &
Agarwal ; World Bank ; Amnesty International
). This is likely to reduce its use and result in alternatives
leading to contact with feces, like open defecation. Open
defecation, even done by few people, has health impacts
on the whole community by contaminating the environment
and increasing the risk of infection (Saywell & Shaw ;
Cairncross & Valdmanis ).
A bigger controversy exists around the health impacts of
private facilities shared between households (Cairncross &
Valdmanis ; Montgomery et al. ). Most of those
facilities are used by few households and it was argued
that a high proportion is probably safe for health (JMP
b). As limited resources and space, especially in densely
populated urban areas, impedes the installation of one toilet
per household (Saywell & Shaw ), this controversy
deserves urgent clariﬁcation. We show in an exemplary
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calculation that classifying shared, otherwise improved sani-
tation as improved would have a huge impact on global
ﬁgures. However, a different classiﬁcation of (some)
shared facilities as improved should be based on solid evi-
dence. As this is currently not available, and furthermore
data on shared sanitation use do not allow disaggregation
into public or private sanitation, we classiﬁed all shared
sanitation as unimproved, as done by JMP.
Additionally to the above, our model projects a constant
increase of shared sanitation use between 1990 and 2015
worldwide (from 13% to 17%, or 511 million additional
people).
Additional measure for progress
Halving a high proportion without access is much harder
compared to halving a low one. This measure is, however,
used to monitor the MDG target at global level (JMP a).
Halving a high proportion at country level means that a
country supplied large parts of its population with services
during the deﬁned period. Poor countries are often in the
difﬁcult situation of both a high proportion without access
and high population growth. They might have made remark-
able progress in delivering services to many additional
people, yet the percent reduction of the unserved proportion
can be small. To acknowledge this, we show both the progress
in reducing the proportion of the population without access
(‘MDG-type-progress’, x-axis) and the progress in terms of
the additional population served, meaning the total number
of additional people served between 1990 and 2015 as a per-
centage of the 2015 population (y-axis) (Figures 5 and 6).
CONCLUSIONS
1. Multilevel modeling is transparent, ﬂexible and easily
reproducible, and offers several advantages over tra-
ditional linear regression. Those include continuous
time series estimates for the whole MDG period for all
countries even in the challenging but frequent situation
of data scarcity.
Figure 5 | Country progress on water: additional population served versus reduction of proportion of population unserved, between 1990 and 2015. AF: Sub-Saharan Africa, AM: Americas,
EM: Eastern Mediterranean, EU: Europe, SEA: South-East Asia, WP: Western Paciﬁc. Low and middle income countries only, scale does not cover all countries, 50% reduction
would correspond to global MDG target.
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2. The MDG target for water, as measured by the indicator
of access to improved drinking-water sources, will be
achieved by 2015. The MDG target for sanitation is un-
likely to be achieved. In some regions the number of
people without access to services is rising, indicating
that population growth and rapid urbanization have
started to outpace new service provision.
3. Correction of the currently used MDG indicator for
‘access to safe drinking-water’ with information on
water quality would provide a better account of the
safety for health. Based on our approximation, it is
unclear whether the MDG water target would actually
be achieved by 2015, as representative data are currently
available for only few developing countries and for one
point in time. To regularly conduct national assessments
of water quality is important and should be implemented
after careful consideration of cost-effectiveness, sample
location, timing and indicators.
4. At the moment the evidence is too scarce to clarify the
ambiguity around the health impacts of shared sanitation.
Changing the classiﬁcation from shared facilities of an
improved technology from unimproved to improved
would have a huge impact not only on estimates but also
on resource allocation and program planning, and
should therefore be based only on solid evidence. We
need more information on the proportion of shared sani-
tation, but also on the condition of those facilities and
whether they are private or public. Furthermore, we do
not have sufﬁcient epidemiological evidence on the associ-
ation between sharing sanitation facilities and morbidity.
5. Monitoring the reduction of the unserved proportion
alone does not provide the full picture regarding progress
made. Considering also the population that gained access
during the relevant time period adds substantial infor-
mation on actual efforts made by a country.
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Figure 6 | Country progress on sanitation: additional population served versus reduction of proportion of population unserved, between 1990 and 2015. AF: Sub-Saharan Africa, AM:
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Abstract objective To assess the impact of inadequate water and sanitation on diarrhoeal disease in low-
and middle-income settings.
methods The search strategy used Cochrane Library, MEDLINE & PubMed, Global Health,
Embase and BIOSIS supplemented by screening of reference lists from previously published systematic
reviews, to identify studies reporting on interventions examining the effect of drinking water and
sanitation improvements in low- and middle-income settings published between 1970 and May 2013.
Studies including randomised controlled trials, quasi-randomised trials with control group,
observational studies using matching techniques and observational studies with a control group where
the intervention was well deﬁned were eligible. Risk of bias was assessed using a modiﬁed Ottawa–
Newcastle scale. Study results were combined using meta-analysis and meta-regression to derive
overall and intervention-speciﬁc risk estimates.
results Of 6819 records identiﬁed for drinking water, 61 studies met the inclusion criteria, and of
12 515 records identiﬁed for sanitation, 11 studies were included. Overall, improvements in drinking
water and sanitation were associated with decreased risks of diarrhoea. Speciﬁc improvements, such
as the use of water ﬁlters, provision of high-quality piped water and sewer connections, were
associated with greater reductions in diarrhoea compared with other interventions.
conclusions The results show that inadequate water and sanitation are associated with
considerable risks of diarrhoeal disease and that there are notable differences in illness reduction
according to the type of improved water and sanitation implemented.
keywords water, sanitation, diarrhoea, global burden of disease, risk estimates
928 © 2014 John Wiley & Sons Ltd
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.
Tropical Medicine and International Health doi:10.1111/tmi.12331
volume 19 no 8 pp 928–942 august 2014
110
Introduction
Diarrhoea is among the main contributors to global child
mortality, causing one in ten child deaths (WHO 2009;
Liu et al. 2012), and inadequate water and sanitation
have long been associated with diarrhoea (Esrey &
Habicht 1986; Esrey et al. 1991; Clasen et al. 2006,
2010; Waddington et al. 2009; Cairncross et al. 2010).
In 2011, 11% of the world population reported using
‘unimproved’ drinking water supplies (deﬁned as unpro-
tected springs and dug wells, surface water and water
stored in a tank) and 36% had ‘unimproved’ sanitation
(deﬁned as ﬂush toilets not connected to a sewer or septic
system, pit latrines without slab, bucket latrines or open
defecation). ‘Improved’ and ‘unimproved’ drinking water
and sanitation refer to speciﬁc sources and facilities as
deﬁned by the WHO/UNICEF Joint Monitoring Pro-
gramme (JMP 2013) and are often taken as proxy indica-
tors for appropriate and inappropriate water and
sanitation. ‘Inadequate’ water and sanitation, as we
deﬁne it for the purpose of this manuscript, means any
drinking water or sanitation provision whose use poses a
risk to health, which cannot be used safely, which is not
available in sufﬁcient quality or quantity or which is too
distant for convenient access.
The 2010 Global Burden of Disease Study (GBD), by
Lim et al. (2012), concluded that the impact of water
and sanitation on diarrhoea was much smaller than previ-
ous GBD estimates (Pr€uss et al. 2002; Clasen et al.
2014). Their conclusion, based on a yet-to-be published
systematic review, was that there was an increased risk
of diarrhoea associated with unimproved water (RR
1.34, 95% CI 1.02–1.72) and unimproved sanitation (RR
1.33, 95% CI 1.02–1.74). They reported no additional
beneﬁt, however, from improved water quality or access
over other improved water sources (such as public taps,
protected springs or dug wells, boreholes and rainwater)
after adjusting for potential bias due to lack of blinding
(Lim et al. 2012; Engell & Lim 2013).
The 2010 GBD conclusions, with respect to the
health impact associated with water and sanitation,
represent a signiﬁcant departure from previous esti-
mates. This review was undertaken to update previous
research and to explore the impact of other methods to
adjust for non-blinding. Meta-regression was used to
explore the impact of different types of improvement
to drinking water or sanitation, as well as other study
characteristics. The methods are described in line with
the ‘Preferred Reporting Items for Systematic Reviews
and Meta-Analysis’ (PRISMA) guideline (Moher et al.
2009) and include a PRISMA checklist (Online-only
Appendix 1).
Methods
The objective of this study was to estimate the effect of
different water and sanitation interventions on diarrhoeal
disease morbidity, based on pooled estimates from exist-
ing studies. The protocol for this study was agreed, in
advance, by an expert group convened by the World
Health Organization (WHO) before the searches began.
Systematic literature review
Selection criteria and search strategy. Studies were
sought that reported the effects on diarrhoea at the indi-
vidual, household or community level of any drinking
water or sanitation intervention providing they could be
grouped within our conceptual models for drinking water
and sanitation (Figures 1 and 2). Eligible study designs
included:
• randomised (including cluster randomised) controlled
trials;
• quasi-randomised and non-randomised controlled tri-
als, when baseline data on the main outcome were
available before the intervention was conducted (i.e.
before and after studies with control group);
• case–control and cohort studies when they were
related to an intervention;
• studies using time-series and interrupted time-series
design; and
• observational studies using speciﬁc matching meth-
ods.
Studies were excluded if they mainly targeted institu-
tions such as schools or the work place, or if they used
non-representative population groups (e.g. people with
HIV). We excluded studies in which the rate of imple-
mentation of the intervention was very low and studies
that had very low compliance (<20%). A poor implemen-
tation rate might be reﬂected in similar rates of uptake in
intervention and control groups: changes in morbidity
cannot then conﬁdently be attributed to the water or san-
itation source or technology. As an example, Boisson
et al. (2009) tested a novel portable water ﬁlter technol-
ogy, but it was reportedly used by only 13% of the par-
ticipants, and the authors themselves conclude that the
health effect was likely not be due to the intervention
and we excluded the study. Other studies in which inter-
ventions did not lead to differences in drinking water or
sanitation access between intervention and control groups
included Pradhan and Rawlings (2002) for household
sanitation and Walker et al. (1999) for drinking water.
A wide range of single and combined water and sanita-
tion interventions were eligible. Studies were included
© 2014 John Wiley & Sons Ltd
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with participants of all ages from low- and middle-
income settings. Due to the limited number of studies
reporting mortality, studies had to report our primary
outcome of diarrhoeal disease morbidity, regardless of
aetiology and case conﬁrmation. The main deﬁnition for
diarrhoea was the WHO standard of at least three loose
stools passed in the previous twenty-four hours (WHO
2005), but alternative case deﬁnitions were permitted
providing that they could be assessed for validity. Studies
were required to be published in a peer-reviewed journal
or to have been assessed according to transparent criteria
for methodological quality in a previously published sys-
tematic review.
Five databases were searched (Cochrane Library,
MEDLINE & PubMed, Global Health, Embase and BIO-
SIS) in May 2013, using keyword and Medical Search
Headings. The search terms and strategy are outlined in
Online-only Appendix 2. In addition, reference lists of
key articles (previously published systematic reviews and
an unpublished literature review conducted by WHO)
were examined, and subject experts and study authors
were contacted to provide additional information and
further relevant references where required. The search
strategy was prepared and implemented in English, and
only reports in English or French were considered. How-
ever, if a study published in a language other than Eng-
lish or French had been included in a previously
published English or French language systematic review
and the relevant data had been extracted and made avail-
able, this study was included in our analysis.
Data extraction and quality assessment. Titles and
abstracts were screened by a single reviewer, and data
extraction and quality assessment was carried out by two
independent reviewers, using a structured and piloted
form. Differences between reviewers over data extraction
and quality assessment were reconciled with the interven-
tion of a third abstractor, where required. The quality
Unimproved sanitation
Basic improved sanitation
Sewer connection
: direct evidence available
: effect estimated indirectly
Figure 2 Conceptual framework for analysis of sanitation
studies.
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POU: point-of-use 
: direct evidence available
: effect estimated indirectly
Figure 1 Conceptual framework for
analysis of drinking water studies.
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assessment criteria were adapted from the Newcastle–
Ottawa scale (Wells et al. undated) by Pope et al. (2010)
for assessing the quality of studies for the health effects
of interventions to reduce indoor air pollution. Speciﬁc
quality criteria were adapted to each study type (interven-
tion, cohort, case–control, cross-sectional) to assess the
risk of sampling bias, bias in exposure and outcome mea-
surements, bias in results analysis and reporting. The cri-
teria are included in the data extraction form (Online-
only Appendix 3).
The summary effect estimates were calculated as risk
ratios (RR) with 95% conﬁdence intervals (95% CI). For
studies with multiple intervention arms (including facto-
rial trials), we derived a single pair-wise comparison of
the most comprehensive intervention compared with the
least comprehensive intervention (or control) among the
categories indicated in Figures 1 and 2, subject to avail-
ability of results. Where possible, we combined data
across intervention arms falling within the same category
(e.g. different methods for ﬁltering at point of use).
Whenever possible, effect estimates adjusted for clustering
at household or community level were extracted.
Statistical analysis
General approach. Random-effects meta-analyses were
conducted to examine, separately, the effect of improve-
ments in drinking water or sanitation on diarrhoeal mor-
bidity. Bayesian meta-regression was used to estimate the
impact of different intervention types, baseline water and
sanitation conditions and additional study characteristics
(Thompson 1994). Other pre-speciﬁed covariates were
retained in the model if the P-value was smaller than 0.2
or if they changed effect estimates of other variables by at
least 15% (Kirkwood & Sterne 2003; McNamee 2003).
Systems for drinking water and sanitation provision lie
on a continuum between poor and good supply/quality/
facilities. Studies were grouped into categories according
to the nature of the improvement, following conceptual
models, as shown in Figures 1 and 2 and described in
subsequent sections.
As a sensitivity analysis, 20% of studies with the low-
est quality rating were excluded. For community- and
household-level water interventions, separate sensitivity
analyses were conducted as the studies tend to have dif-
ferent characteristics (with household-level interventions,
for example, tending to be randomised controlled trials,
while community-level interventions are often of a lower
quality design – Clasen et al. 2006).
Potential for publication bias was examined with
inspection of funnel plots and the use of Begg’s and Eg-
ger’s test. Analyses were performed with Stata 12 (Stata-
Corp. 2011. Stata Statistical Software: Release 12.
College Station, TX: StataCorp. LP). Bayesian meta-
regression and bias adjustments were performed using
WinBUGS (Lunn et al. 2000).
Analysis of drinking water interventions. The conceptual
model used for the analysis of drinking water interven-
tions is presented in Figure 1. Interventions were grouped
as community-level (structural changes in supply) or
household-level interventions (point-of-use treatment).
Within point-of-use treatments, chlorine, solar disinfec-
tion and ﬁlter interventions were analysed separately.
Within community-level interventions, studies were
grouped according to whether the intervention led to an
improved water source other than piped water (piped
water means piped into premise throughout the article), a
basic piped water source or a piped water source with a
continuous supply and safe quality (referred to as higher-
quality piped water).
We distinguish between ‘basic piped water’ and
‘piped water, continuous and safe quality’. Practically,
in all interventions providing piped water to households
or premises, piped water was of non-optimal quality
and/or supply was non-continuous requiring water stor-
age in the households. The endpoint of these studies
was therefore classiﬁed as ‘basic piped water’. A ‘piped
water source, continuous and safe quality’ is similar to
the standard water supply in high-income countries.
Studies of interventions that provide a continuous piped
water supply of high water quality are currently not
available for low- and middle-income settings besides
one study (Hunter et al. 2010), which may come closest
to the supplies typically encountered in high-income
countries. We therefore approximated the transition
from ‘basic piped water’ to ‘piped water, continuous
and safe quality’ by the effect of safe water storage plus
the effect of any quality improvements on a piped
water system.
In Figure 1, the transitions a to f represent ‘basic param-
eters’ in the meta-regression model, each represented by a
covariate. All other transitions are coded as combinations
of these basic parameters: speciﬁcally, r = b – a, s = c – b,
t = c – a, u = d – a, v = e – a and w = f – a. The model
allows the indirect estimation of transitions that have not
been directly observed (including those representing basic
parameters), following ideas of network meta-analysis (Sa-
lanti et al. 2008).
Safe water storage in the household is an important
component to prevent contamination and maintain ade-
quate water quality (WHO 2013a). The effect of safe
water storage was estimated by including a binary covari-
ate to indicate either:
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• when the intervention provided a safe storage con-
tainer (i.e. a container with a narrow opening that
prevents the introduction of objects) or
• when safe storage was an inherent part of the inter-
vention (as with ceramic ﬁlters or solar disinfection
of water in PET bottles).
The following further study characteristics were
explored in meta-regression analyses:
• combined vs. single intervention, that is, plus addi-
tional hygiene education or sanitation provision;
• intention-to-treat vs. treatment-on-the-treated analy-
sis;
• urban vs. rural settings;
• length of follow-up;
• sanitation provision at study baseline;
• provision of safe water storage;
• randomisation of study participants to the interven-
tion;
• different interactions (see Online-only Appendix 4);
• type of household water treatment; and
• regional speciﬁcity (as dummy variable and accord-
ing to WHO groupings – WHO 2013b).
Blinding study participants in household-level drinking
water interventions. Studies where participants were
blinded to point-of-use water quality interventions have
consistently failed to show a statistically signiﬁcant effect
on diarrhoeal disease. As there are only three blinded
household water interventions in low- and middle-income
settings that meet the inclusion criteria (Kirchhoff et al.
1985; Jain et al. 2010; Boisson et al. 2013), it was felt
that these were insufﬁcient to deﬁne the potential bias
associated with non-blinding. As diarrhoea in interven-
tion studies is usually self-reported and non-blinding in
subjectively assessed outcomes has been associated with
bias (Wood et al. 2008; Savovic et al. 2012), an addi-
tional analysis was performed, which incorporated bias
adjustments based on empirical evidence (as described by
Savovic et al. (2012) and outlined below).
As community-level interventions are often less appar-
ent to the recipient (study participant) than household-
based interventions, it is likely that community-level
interventions will be less prone to bias as a result of non-
blinding. This idea is supported by the ﬁnding of similar
results for community water or sanitation interventions
when observational studies (examining survey data) and
experimental studies were analysed separately. It is
assumed that observational studies, using speciﬁc match-
ing methods on survey data, are less prone to bias as a
result of non-blinding because there is no single study
hypothesis; the hypothesis regarding a potential impact of
sanitation or water on diarrhoea would be just one of
many possible hypotheses investigated in the survey. Such
studies therefore offer an opportunity for limiting bias
arising from non-blinding.
Meta-regression was repeated after making a bias
adjustment in studies of household-level interventions.
The result of each non-blinded study was separately
adjusted by introducing bias through a prior distribution
in a Bayesian framework (Welton et al. 2009). On the
basis of the ﬁndings of Savovic et al. (2012), who exam-
ined the distribution of bias due to lack of blinding in a
large-scale meta-epidemiological study, three different
prior distributions on size and direction of this bias were
explored (Welton et al. 2009). These distributions incor-
porate variability in bias across studies and across meta-
analyses. The prior which best represents the ﬁndings of
the meta-epidemiological study (Savovic et al. 2012) is
based on the mean bias and the sum of all variance com-
ponents. This is the preferred approach for the current
analysis, as it will adjust the biased studies and should
appropriately down-weight them. More information on
bias adjustment for non-blinding and results with the
other two prior distributions on size and direction of this
bias are outlined in Online-only Appendix 4.
Analysis of sanitation interventions. Sanitation studies
were grouped and analysed according to the conceptual
model in Figure 2. We examined, in particular, the possi-
bility of a differential effect of sewer connections over
basic household improved sanitation (deﬁned here as all
other improved sanitation besides sewer connection). The
following study characteristics were explored:
• combined vs. single intervention (i.e. plus additional
hygiene education or water provision);
• urban vs. rural; and
• water provision at study baseline.
Results
Systematic search and quality grading
For water, of 6751 records identiﬁed through database
searches and a further 68 identiﬁed through other sources,
3672 records were screened (after de-duplication) and
110 full-text articles were assessed for inclusion of which
61 were included for the meta-regression analysis.
For sanitation, of 12 502 records identiﬁed through
database searches and a further 13 identiﬁed through
other sources, 10 057 records were screened (after
de-duplication) and 34 full-text articles were assessed for
inclusion of which 11 were included for the meta-
regression analysis. Figures 3 and 4 provide study ﬂow
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Figure 3 Flow chart of the selection process of drinking water studies.
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Figure 4 Flow chart of the selection process of sanitation studies.
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diagrams of the number of studies screened and assessed
for eligibility and included in the review. The Online-only
Appendix 5 presents the citation, deﬁnitions and charac-
teristics for all studies included in this analysis.
Analysis of water interventions
We included 68 comparisons of 61 individual studies
from low- and middle-income settings. The number of
observations describing each link between study baseline
and outcome is listed in Table 1.
The summary risk ratio of all observations from the
water interventions (all transitions), in a random-effects
meta-analysis of the data, is 0.66 (0.60–0.71). Tables 2
and 3 show the results for individual transitions from the
meta-regression analysis without and with bias adjust-
ment for non-blinding.
The results from multivariable meta-regression before
adjusting for non-blinding were nearly identical between
Stata and WinBUGS. The results for chlorine and solar
interventions were very similar and so, for convenience,
they were combined in all analyses (in the context of Fig-
ure 1, this corresponds to setting d = e and hence u = v).
Covariates retained in the model were provision of safe
water storage and whether the intervention was a com-
bined intervention.
Bias adjustment for non-blinding down weighs mainly
estimates for point-of-use water treatment, higher-quality
piped water and provision of safe water storage
(Table 3).
The multivariable meta-regression model explained
53% of the between-study variance. Improved over unim-
proved sources are associated with only small reductions
in diarrhoea, with a larger effect for piped water com-
pared with other improved sources. The biggest protec-
tive effect on diarrhoeal disease was found for higher-
quality (i.e. continuous and safe quality) piped water.
Among household-level studies, ﬁlter interventions that
also provided safe storage (for example, ceramic ﬁlters)
were associated with a large reduction in diarrhoeal dis-
Table 1 Included drinking water interventions according to study baseline and outcome
Baseline water Outcome water Comparisons Transition (Figure 1)
Unimproved source Improved community source 8 a
Unimproved source Piped water 4 b
Improved community source Piped water 7 r
Piped water Higher-quality piped water 1 s
Unimproved source POU chlorine treatment 16 d
Unimproved source POU solar treatment 6 e
Unimproved source POU ﬁlter treatment 14 f
Improved community source POU chlorine treatment 4 u
Improved community source POU solar treatment 5 v
Improved community source POU ﬁlter treatment 3 w
POU = point-of-use, higher-quality piped water means quality improvements and safe storage of piped water.
Table 2 Meta-regression results for water interventions, not adjusted for non-blinding
Baseline water
Outcome water
Improved
community source
Basic piped
water
Piped water,
higher quality*
Chlorine/solar+safe
storage
Filter+safe
storage
Unimproved source 0.89 (0.78, 1.01) 0.77 (0.64, 0.92) 0.19 (0.07, 0.50) 0.82 (0.69, 0.96) 0.53 (0.41, 0.67)
0.63 (0.55, 0.72) 0.41 (0.33, 0.50)
Improved community source 0.86 (0.72, 1.03) 0.21 (0.08, 0.56) 0.92 (0.76, 1.10) 0.59 (0.45, 0.78)
0.71 (0.61, 0.82) 0.46 (0.36, 0.58)
Basic piped water 0.25 (0.09, 0.65) 1.07 (0.84, 1.34) 0.69 (0.51, 0.93)
0.82 (0.67, 1.01) 0.53 (0.40, 0.69)
*Continuous and safe water quality, based on limited evidence (Hunter et al. 2010) for quality improvements on basic piped water and
should therefore be considered with caution.
Figures are relative risks (and 95% conﬁdence intervals) and those in italics relate to additional safe storage.
Posterior estimates and credible interval limits were extracted as the median, 2.5% percentile and 97.5% percentile.
Results are adjusted for provision of safe water storage (RR 0.77 (0.64, 0.93)) and combined intervention (RR 0.84 (0.71, 0.99)).
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ease. After taking account of safe water storage, the
effects of ceramic and biosand ﬁlters were not signiﬁ-
cantly different from each other and so are grouped for
further analysis. Chlorine and solar interventions did not
appear to reduce diarrhoeal disease risk (applied to either
unimproved or improved sources) after results were
adjusted for non-blinding. There was some evidence of a
greater diarrhoea risk reduction from improving house-
hold water storage and combining the water intervention
with hygiene education and/or improved sanitation than
through the water intervention alone (see footnotes of
Table 2 and 3).
Analysis of sanitation interventions
We included 14 comparisons from low- and middle-
income settings. Twelve observations compared improved
sanitation facilities (other than sewer connections) with
unimproved sanitation, and two observations had sewer
connections as their outcome.
The ﬁnal model explained 97% of the between-study
variance. The overall relative risk for improved over
unimproved sanitation on diarrhoea, based on meta-
analysis, was 0.72 (0.59, 0.88). The results of multivari-
able meta-regression are shown in Table 4. A larger asso-
ciation between sewer interventions and reduction in
diarrhoea was observed compared with other improved
sanitation.
Excluding 20% of studies with the lowest quality rat-
ing did not signiﬁcantly change estimates, either for the
water or the sanitation analysis. Funnel plot asymmetry
was observed among the studies of household-level water
quality interventions, which may be due to publication
bias. There was no evidence of funnel plot asymmetry in
studies of community-level water or sanitation improve-
ments with or without sewer interventions. Funnel plots
and results of statistical tests examining evidence for pub-
lication bias are shown in the Online-only Appendix 4.
Water and sanitation intervention studies typically
report diarrhoeal levels in children up to 5 years of age,
with impacts in other age groups less frequently reported.
Data on other age groups were extracted wherever possi-
ble, and the results for all ages compared with children
under ﬁve. The effect estimates were found to be very
similar and mostly within the conﬁdence interval of the
under-ﬁve age group. It has therefore been assumed that
the estimates derived here can be used for all ages.
Discussion
Results
The results show that there are large potential reductions
in diarrhoeal disease risk through improvements to both
water and sanitation in low- and middle-income settings.
Table 3 Meta-regression results for water interventions, adjusted for non-blinding
Baseline water
Outcome water
Improved
community source
Basic piped
water
Piped water,
higher quality*
Chlorine/solar+safe
storage
Filter+safe
storage
Unimproved source 0.89 (0.78, 1.01) 0.77 (0.64, 0.92) 0.21 (0.08, 0.55) 0.99 (0.76, 1.27) 0.66 (0.47, 0.92)
0.84 (0.61, 1.16) 0.55 (0.38, 0.81)
Improved community source 0.86 (0.72, 1.03) 0.23 (0.09, 0.62) 1.11 (0.85, 1.44) 0.74 (0.52, 1.05)
0.94 (0.68, 1.30) 0.62 (0.42, 0.93)
Basic piped water 0.27 (0.10, 0.71) 1.29 (0.95, 1.74) 0.85 (0.58, 1.25)
1.09 (0.76, 1.56) 0.72 (0.47, 1.11)
*Continuous and safe water quality, based on limited evidence (Hunter et al. 2010) for quality improvements on basic piped water and
should therefore be considered with caution.
Figures are relative risks (and 95% conﬁdence intervals) and those in italics relate to additional safe storage.
Posterior estimates and credible interval limits were extracted as the median, 2.5% percentile and 97.5% percentile.
Results are adjusted for provision of safe water storage (RR 0.85 (0.69, 1.04)) and combined intervention (RR 0.83 (0.73, 1.01)).
Table 4 Meta-regression results for sanitation interventions
Baseline sanitation
Outcome sanitation
Improved sanitation,
no sewer
Sewer
connection*
Unimproved sanitation 0.84 (0.77, 0.91) 0.31 (0.27, 0.36)
Improved sanitation,
no sewer connection
0.37 (0.31, 0.44)
*Based on limited evidence (Pradhan & Rawlings 2002; Moraes
et al. 2003) and should therefore be considered with caution.
Figures are relative risks (and 95% conﬁdence intervals).
Results are adjusted for combined intervention (RR 0.88 (0.77,
1.01)).
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For water, the most effective household-level intervention
was found to be a point-of-use ﬁlter in combination with
safe water storage. At the community level, introduction
of high-quality piped water (i.e. water supplied continu-
ously to the household of good microbial water quality)
was found to be most effective. There were also differ-
ences in the impact of sanitation interventions, and there
is evidence that sewer interventions are associated with a
greater reduction in diarrhoea than basic household sani-
tation. These results are largely consistent with previously
published reviews, where provision of improved commu-
nity water supply was associated with a limited reduction
in diarrhoeal illness (Waddington et al. 2009), and some
water quality interventions (especially water ﬁlters) had a
signiﬁcant impact on reducing illness (Clasen et al. 2006;
Hunter 2009; Waddington et al. 2009; Cairncross et al.
2010). This is also true for sanitation, as sanitation inter-
ventions in previous analyses have been shown to reduce
diarrhoea by 30–40% (Waddington et al. 2009; Cairn-
cross et al. 2010), with a larger effect observed for sewer
connection (Norman et al. 2010).
The effect estimates for higher-quality piped drinking
water and sewer connection should, however, be treated
with caution. We approximated the transition from ‘basic
piped water’ to ‘piped water, continuous and safe quality’
by the effect of safe water storage plus the effect of any
quality improvements on a piped water system. We
acknowledge that this is likely an underestimate as it
accounts for the quality aspect but not any beneﬁts
derived through greater water access and its impact on,
for example, personal hygiene. Source water quality
improvement on piped water was estimated from one sin-
gle study (Hunter et al. 2010), although the results are
consistent with evidence from high-income countries
(Payment et al. 1991; Colford et al. 2009). The effect of
a sewered system was derived from two observations
(Pradhan & Rawlings 2002; Moraes et al. 2003). Given
the small number of observations used to derive these
results, generalisation should be made only with caution.
For example, in the intervention study that provided
source water quality improvements on a piped water sup-
ply (Hunter et al. 2010), it is possible that the baseline
piped water may have been of poorer quality than ‘typi-
cal’ piped water in low- and middle-income settings.
However, reclassifying the baseline water in this study as
unimproved in the analysis barely changed the diarrhoeal
effect estimates. Given the limited evidence base, it is
likely that these estimates may change considerably as
additional evidence becomes available. They do, however,
indicate the large potential beneﬁts of improving water
and sanitation and call for a disaggregation of the
‘improved’ levels deﬁned by JMP (JMP 2013).
The ﬁnding of potentially important disease reduction
beyond improved non-piped and also basic piped water
sources is eminently plausible. Water from those improved
sources is frequently contaminated during collection, trans-
port and household storage (Wright et al. 2004; Rufener
et al. 2010). Household piped water in low- and middle-
income settings is frequently non-continuous (e.g. Brown
et al. 2013) which presents two microbial risks, namely
inﬁltration into non-pressurised distribution systems and
recontamination or growth during household storage. In
addition, community and non-continuous household water
supply may reduce the amount of water available for
hygiene purposes. Water availability and distance to the
water source are both associated with risk of diarrhoea
(Wang & Hunter 2010; RSS 2011; Pickering & Davis
2012). Reliable at-home water supplies were shown to
increase water availability and key hygiene practices
(Evans et al. 2013). The current analysis further suggests
that improved water storage is associated with decreased
risk of diarrhoea; a ﬁnding which has been previously
described (Roberts et al. 2001; G€unther & Schipper 2013).
The beneﬁcial effect of ﬁlters over both unimproved and
improved sources remained signiﬁcant and substantial
after bias adjustment for non-blinding. This may reﬂect the
fact that even water from improved sources is frequently of
poor quality (Bain et al. 2012, 2014; Wolf et al. 2013).
The smaller effect seen from chlorine and solar treatments
could be explained if a signiﬁcant proportion of diarrhoea
episodes was caused by agents that are less susceptible to
those treatments, non-exclusive use (M€ausezahl et al.
2009), and/or there is low uptake (compliance) of the
intervention (as the need for adequate compliance has
been shown in previous epidemiological modelling –
Hunter et al. 2009; Brown & Clasen 2012; Enger et al.
2013).
Household members with improved sanitation may still
be exposed to high levels of pathogens from faecal mate-
rial if their neighbours have no improved sanitation
(Root 2011; Baker & Ensink 2012), or when on-site sani-
tation is not managed hygienically. In urban areas, espe-
cially, latrines have been observed to ﬁll and overﬂow,
which can lead to major contamination of the surround-
ing area (Carter 2013). Introduction of sewered sanita-
tion at large scale in urban areas in low- and middle-
income settings would be expected to have a positive
impact on health, although care must be taken that
sewage is appropriately treated to avoid the diarrhoeal
disease burden being shifted ‘downstream’ to the receiv-
ing communities (Baum et al. 2013). As such, it is
acknowledged that sewered systems with appropriate
sewage treatment are costly, and in some settings,
decentralised systems for managing on-site sanitation
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may be more cost-effective and appropriate (Norman
et al. 2010).
Limitations
Effect estimates are from heterogeneous interventions and
therefore only approximate the impact of improving water
and sanitation on diarrhoea. Study quality is generally low
which conﬁrm previous analyses (Waddington et al.
2009; Cairncross et al. 2010; Clasen et al. 2010). Blinding
and randomisation of study participants in water and sani-
tation interventions is often not possible and sometimes
may not be desirable as blinding could negatively inﬂuence
compliance and community dynamics which are important
components for the adoption of interventions (Hartinger
et al. 2011). Sanitation studies especially are often quasi-
randomised (Capuno et al. 2011; Kumar & Vollmer 2013)
which can introduce bias. Additionally, some point-of-use
interventions have been shown to have low acceptability to
the population (Boisson et al. 2009; Luoto et al. 2012)
leading to poor adoption, and even an effective point-of-
use treatment will have little impact on health if it is not
consistently applied (Enger et al. 2013). In addition, few
point-of-use interventions are effective against all typical
classes of pathogens, and post-treatment contamination is
frequent (Wright et al. 2004; Stauber et al. 2012). Even
piped water interventions frequently provide low-quality
non-continuous water which therefore requires storage,
point-of-use treatment or the use of alternative water
sources (Wang et al. 1989; Brown et al. 2013). Better
quality water and sanitation interventions showed greater
effectiveness in reducing diarrhoeal disease (Clasen et al.
2006). An attempt was made to account for some of these
limitations by exploring health impacts beyond basic
improved water and sanitation, by the use of speciﬁc bias
adjustments and different sensitivity analyses.
We applied a bias adjustment to account for non-blind-
ing, based on the ﬁndings of Savovic et al. (2012). These,
however, are based on clinical interventions, and there is
little evidence that the pooled estimated bias is represen-
tative for the type of interventions covered in this article.
The estimate is, however, speciﬁc to subjectively assessed
outcomes (such as self-reported diarrhoea), and we
believe that it represents the best currently available evi-
dence on the effect of bias due to non-blinding.
Currently, only the impact of water and sanitation on
diarrhoeal morbidity has been considered. Many other
health effects (such as intestinal parasite infections,
impaired nutritional status and possibly environmental
enteropathy) have been associated with inadequate water
and sanitation (Korpe & Petri 2012; Ziegelbauer et al.
2012; Dangour et al. 2013; Lin et al. 2013). Furthermore,
inadequate water and sanitation have been associated
with reduced school attendance (Freeman et al. 2012) and
personal security issues, especially for women (Bapat &
Agarwal 2003; Talaat et al. 2011). Unfortunately, quanti-
tative evidence on these effects is currently very limited.
Meta-regression yields observational associations
between variables, and is therefore prone to bias
(Thompson & Higgins 2002). Use of water sources and
sanitation facilities was deﬁned at study level, although it
may vary within the community. This can underestimate
the true baseline or outcome effect. To include access as
a continuous variable is currently not possible as many
studies omit this information.
General discussion
The choice of what level of water and sanitation to con-
sider as representing the highest attainable degree of
safety (i.e. the counterfactual) has major implications in
terms of the burden of disease that is attributable to inad-
equate water and sanitation. The analysis demonstrates
health beneﬁts beyond those achievable with basic
improved water and sanitation, and it seems that health
gains can be maximised when high-quality drinking water
is available in sufﬁcient quantities in the home and the
sanitation system effectively prevents exposure to faecal
material (through isolation and/or appropriate treatment).
Thus, the results suggest that use of facilities deﬁned as
‘improved’, as used in the 2010 GBD study (Lim et al.
2012), should not be construed as use of fully safe and
adequate water and sanitation, devoid of an associated
disease burden.
Service levels are frequently lower in low- and middle-
income countries than those in high-income countries,
but it is suggested that high-level services could represent
a reference against which the risk for lower levels of
water and sanitation could be estimated. Even deﬁning
high-level water services (i.e. high-quality water piped
continuously to the home) as the counterfactual may lead
to underestimates of the burden of disease. In Iceland, for
example, the introduction of water safety plans was asso-
ciated with a signiﬁcant reduction of diarrhoea in the
population (Gunnarsdottir et al. 2012). Also, tap water
in California, USA, meeting all the required quality
standards, was still associated with gastrointestinal illness
(Colford et al. 2009). However, at present, data limita-
tions preclude the setting of even higher counterfactuals
for water and sanitation.
The systematic literature reviews and analyses reported
in this paper have led to the identiﬁcation of areas where
evidence is missing on the linkages between water, sanita-
tion and health. It is believed that effect estimates from
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meta-analyses would greatly beneﬁt from more well-con-
ducted and reported water and sanitation intervention
studies complying to, for example, the CONSORT State-
ment for randomised controlled trials (Schulz et al. 2010)
or the STROBE Statement for observational studies (Von
Elm et al. 2007). Studies applying a factorial design might
be a promising approach to assess different interventions
simultaneously and, given a sufﬁciently large sample size,
interactions between different WASH interventions (Mont-
gomery et al. 2003). Studies reporting consistently not
only on health outcome but also on implementation and
compliance would enable inclusion of this information in
future analyses. Additionally, research on underlying fac-
tors that strengthen intervention implementation and
increase people’s acceptance, adoption and sustained use is
still rare. Improved methods for using natural experiments
or pre-existing development interventions, in which expo-
sure is not artiﬁcially manipulated, also seem to be a prom-
ising way forward (Arnold et al. 2009; Craig et al. 2012).
Furthermore, impacts resulting from inadequate water and
sanitation other than diarrhoea morbidity are currently
under-researched. More evidence on these topics would
enable more meaningful estimates of the potential health
beneﬁts of improving water and sanitation to be made.
Conclusions
Inadequate drinking water and sanitation are associated
with considerable risks for diarrhoeal disease. The choice
of a suitable approach that can differentiate health effects
between different improvements in water and sanitation
relative to the baseline is crucial for meaningful estimates.
However, evidence from well-conducted intervention
studies assessing exclusive use of adequate access and
supply of safe water or universal use of effective sanita-
tion is still very limited.
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Abstract objective To estimate the global prevalence of handwashing with soap and derive a pooled
estimate of the effect of hygiene on diarrhoeal diseases, based on a systematic search of the literature.
methods Studies with data on observed rates of handwashing with soap published between 1990
and August 2013 were identiﬁed from a systematic search of PubMed, Embase and ISI Web of
Knowledge. A separate search was conducted for studies on the effect of hygiene on diarrhoeal
disease that included randomised controlled trials, quasi-randomised trials with control group,
observational studies using matching techniques and observational studies with a control group where
the intervention was well deﬁned. The search used Cochrane Library, Global Health, BIOSIS,
PubMed, and Embase databases supplemented with reference lists from previously published
systematic reviews to identify studies published between 1970 and August 2013. Results were
combined using multilevel modelling for handwashing prevalence and meta-regression for risk
estimates.
results From the 42 studies reporting handwashing prevalence we estimate that approximately
19% of the world population washes hands with soap after contact with excreta (i.e. use of a
sanitation facility or contact with children’s excreta). Meta-regression of risk estimates suggests that
handwashing reduces the risk of diarrhoeal disease by 40% (risk ratio 0.60, 95% CI 0.53–0.68);
however, when we included an adjustment for unblinded studies, the effect estimate was reduced to
23% (risk ratio 0.77, 95% CI 0.32–1.86).
conclusions Our results show that handwashing after contact with excreta is poorly practiced
globally, despite the likely positive health beneﬁts.
keywords hygiene, diarrhoea, handwashing, risk estimates, meta-analysis
Introduction
Handwashing with soap at key times has been shown to
reduce diarrhoeal disease and acute respiratory infection
(Curtis & Cairncross 2003; Rabie & Curtis 2006; Aiello
et al. 2008). Alongside adequate sanitation, handwashing
with soap after stool contact is an important barrier to
the faecal–oral spread of diarrhoea because it prevents
pathogens from reaching the domestic environment and
hence their subsequent ingestion. Handwashing with soap
before contact with food and water also reduces the sec-
ondary transmission of pathogens from the environment
906 © 2014 John Wiley & Sons Ltd
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to a new host (Curtis et al. 2000). Beyond diarrhoeal dis-
ease, handwashing is also thought to play a role in reduc-
ing the transmission of infections such as pneumonia,
inﬂuenza, helminths, trachomae, neonatal infections,
HIV-associated infections and environmental enteropa-
thies (Aiello et al. 2008; Blencowe et al. 2011; Curtis
et al. 2011; Ejere et al. 2012; Ejemot et al. 2012; ; Fil-
teau 2009; ; Freeman et al. 2013; Greenland et al. 2013;
Isaac et al. 2008; WHO 2009). Further, hand hygiene is
essential for disease control in commercial and domestic
food preparation as well as in health care, day care, edu-
cational and occupational settings (Roberts et al. 2000;
Bowen et al. 2007; Ejemot et al. 2012). Previous studies
have suggested that promoting hand hygiene may be one
of the most cost-effective means of reducing the global
burden of disease (Cairncross & Valdmanis 2006).
The purpose of this article was to obtain key inputs for
the development of the ﬁrst regional and global estimates
of handwashing with soap following faecal exposure, in
view of updating the estimates of the burden of disease
for the impact of this behaviour on diarrhoeal disease.
We systematically reviewed the prevalence of the relevant
hand hygiene practices worldwide and updated the evi-
dence linking hand hygiene practices to the prevention of
diarrhoea. In both cases, we present adjusted estimates
due to known biases. The methods are described in line
with the ‘Preferred Reporting Items for Systematic
Reviews and Meta-Analysis’ (PRISMA) guideline (Moher
et al. 2009) and include a PRISMA checklist (Appendix
S1). The results provide a basis for estimating the global
burden of disease from inadequate hand hygiene practices
(Pr€uss-Ust€un et al. 2014).
Methods
We systematically reviewed the literature for observed
handwashing prevalence and applied multilevel modelling
to estimate handwashing practices worldwide, by region
and by country. To estimate the effect of different
hygiene interventions on diarrhoeal disease morbidity, we
reviewed the literature and used meta-regression tech-
niques. The protocol for this study was reviewed and
agreed upon by an expert group convened by the World
Health Organization (WHO) the searches began.
Exposure prevalence: selection criteria, search strategy
and data extraction
Because self-report is known to dramatically overestimate
rates of handwashing with soap (Biran et al. 2008), stud-
ies were sought that reported the observed prevalence of
handwashing with soap after using a toilet or after con-
tact with excreta (including children’s excreta). We
included contact with children’s excreta both because evi-
dence for the impact of the speciﬁc times for handwash-
ing is limited (see Luby et al. 2011 for the only available
study), and because handwashing after handling child
faeces is a plausible proxy for handwashing in general.
Similarly, though in most observational studies, it is not
known whether the subject uses the latrine for defecation,
handwashing after toilet use is a relevant proxy for hand-
washing after contact with excreta. Hospital- and school-
based handwashing studies were excluded, as they are
not representative of the general population.
A systematic search was conducted for studies pub-
lished between 1990 and August 2013 using PubMed,
Embase and ISI Web of Knowledge. No restrictions were
placed on language or study type. The database search
was supplemented with data identiﬁed in a previous
review (Curtis et al. 2009) and with additional Google
Scholar searches of author names identiﬁed during the
systematic database search. In addition, experts were con-
tacted for unpublished handwashing observations.
Studies were selected for inclusion using a two-step
review process. Titles and abstracts of all studies identi-
ﬁed in the search were screened for relevance. The full
text of each of the relevant articles was then reviewed
and studies were excluded if they did not provide data on
the prevalence of observed handwashing with soap. Data
were extracted from each study using a standard proto-
col. Data extracted included information on study setting
(country), observation location (home or public setting),
timeframe of survey, population subgroup, sample size, a
description of how handwashing prevalence was mea-
sured and speciﬁc prevalence estimates for any of the
handwashing occasions, such as after toilet use or after
cleaning up after a child (Appendix S5).
Impact estimates: selection criteria, search strategy and
data extraction
Studies were eligible for inclusion if they were published
between 1970 and August 2013 and reported on the
impact of a hygiene promotion program on diarrhoea.
Eligible study designs included randomised controlled tri-
als, quasi-randomised controlled trials, observational
studies using matching techniques and observational stud-
ies with a control group, where the intervention was well
deﬁned. In addition to studies concerning individual,
household and community hygiene interventions, institu-
tional interventions (e.g. in day-care centres and schools)
were also included on the assumption that associated
behaviours may plausibly affect household protection
(unlike the water and sanitation meta-regression by Wolf
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et al. 2014). Studies assessing the impact of handwashing
with soap were excluded if they were on non-representa-
tive population groups (e.g. HIV-positive children) or if
there was no control group. The primary outcome was
diarrhoeal disease morbidity regardless of aetiology and
case conﬁrmation. The main deﬁnition for diarrhoea was
the WHO standard of at least three loose stools passed in
the previous 24 h (WHO 2005), but alternative case deﬁ-
nitions were permitted.
Five databases were searched (Cochrane Library, Pub-
Med, Global Health, Embase and BIOSIS) – using key-
word and medical search headings. Reference lists of key
articles (previously published systematic reviews and an
unpublished literature review conducted by the WHO)
were examined and subject experts and study authors
were contacted to provide additional information where
required. The search strategy was prepared in English,
and only studies available in English or French were con-
sidered unless the relevant data had been extracted and
made available in a previously published English or
French language systematic review.
Titles and abstracts were screened by a single reviewer,
and data extraction and quality assessment was carried
out by two independent reviewers, using a structured and
piloted form. Differences between reviewers over data
extraction and quality assessment were reconciled with
the intervention of a third abstractor, where required.
The quality assessment criteria were adapted from the
Newcastle-Ottawa scale (Wells et al. undated) for assess-
ing the quality of studies for the health effects of inter-
ventions to reduce indoor air pollution (Pope et al.
2010). Speciﬁc quality criteria were adapted to study
design (intervention, cohort, case–control, cross-sec-
tional), to assess the risk of bias in sampling, exposure
and outcome measurement, results, analysis and report-
ing.
Exposure prevalence: statistical analysis
We estimated the proportion of country populations
washing hands with soap using data from the prevalence
surveys. Multilevel modelling was used to obtain the pro-
portion of the population washing hands with soap for
the year 2012. A linear two-level model, with WHO
regions (WHO 2013) as covariates and a random inter-
cept by country, provided an estimate for countries using
a methodology similar to (Wolf et al. 2013). Country
means were estimated without weighting by sample size
as surveys were not designed to be country-representa-
tive, and their variability was likely to be due to different
settings (e.g. public restroom in motorway or university,
or home) or population groups. For countries with only
one survey, the survey value was used for country report-
ing but not for estimation of the regional mean. Regional
estimates were calculated as the mean of prevalence from
countries with surveys, without weighting by country
population (this choice was made because country popu-
lation is not likely to drive handwashing prevalence). The
means for the two regions without surveys (Eastern Med-
iterranean low- and middle-income and Eastern Mediter-
ranean high-income regions) were obtained from the
mean of prevalence of low- and middle-income and high-
income countries, respectively. The global mean was
obtained by a regional population-weighted mean of
regional prevalence. Uncertainty intervals were estimated
by bootstrap sampling from the survey points.
Impact estimates: Statistical analysis
The summary effect estimates were calculated as risk
ratios (RR) with 95% conﬁdence intervals (CI). Studies
with multiple intervention arms could provide more than
one effect estimate, providing each arm had a separate
control. Whenever possible we extracted effect estimates
that were adjusted for clustering at household or commu-
nity level.
Random-effects meta-analyses were conducted to
examine the effect of hygiene promotion interventions on
diarrhoeal morbidity. Meta-regression was used to assess
the impact of different intervention types and further
study characteristics that could potentially inﬂuence
results (Thompson 1994). Additional pre-speciﬁed covari-
ates were retained in the model if the P-value was smaller
than 0.2 or if they changed effect estimates of other vari-
ables by at least 15% (Kirkwood & Sterne 2003; McNa-
mee 2003).
We explored the following further study characteristics
in meta-regression analysis:
• interventions focused on handwashing only vs. those
covering a broad range of hygiene promotion
messages;
• handwashing interventions with and without the
provision of soap;
• high-income vs. low- and middle-income countries;
• improved water and/or improved sanitation at base-
line;
• urban vs. rural area;
• length of follow-up (as continuous variable, or more
or less than 12 months); and
• randomised vs. non-randomised.
As a sensitivity analysis, we excluded the studies with
the lowest quality rating (12% of all hygiene studies).
Additionally, we checked whether excluding the only
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study that used survey data changed the results (Fan &
Mahal 2011).
Relating to the reasoning in Wolf et al. (2014) for non-
blinding bias adjustment in household-level interventions
with subjective assessed outcomes, we believe such an
approach is also appropriate for hygiene intervention
studies. It is not possible to blind educational interven-
tions. Therefore, meta-regression was repeated with the
result of each study separately adjusted by introducing
bias through a prior distribution in a Bayesian framework
(Welton et al. 2009). On the basis of the ﬁndings of Sav-
ovic et al. (2012), who examined the distribution of bias
due to lack of blinding in a large-scale meta-epidemiolog-
ical study, different prior distributions on size and direc-
tion of this bias were explored (Welton et al. 2009).
These distributions incorporate variability in bias across
studies and across meta-analyses. The prior which best
represents the ﬁndings of the meta-epidemiological study
(Savovic et al. 2012) is based on the mean bias and the
sum of all variance components. This is the preferred
approach for the current analysis, as it will adjust the
biased studies and should appropriately down-weight
them. More information on bias adjustment for non-
blinding is provided in Supporting Information (Appendix
S6).
The potential for an association between study size and
effect size, which may be due to publication bias, was
examined using funnel plots and statistical tests (Begg’s
and Egger’s test). Analyses were performed with Stata 12
(Stata Statistical Software Release 12; StataCorp., College
Station, TX, USA). Bayesian meta-regression and bias
adjustments were performed using WinBUGS (Lunn et al.
2000).
Results
Prevalence of handwashing with soap
The initial search for handwashing with soap prevalence
identiﬁed 2881 unique publications. Only 24 of these
studies were found to provide prevalence data for hand-
washing with soap for at least one of the speciﬁed times
of interest. Fifteen additional data sets were identiﬁed
from the previous review conducted by Curtis et al. 2009
and two additional data sets were provided by contacted
authors. Figure 1 provides the search ﬂow diagram of the
number of studies screened for eligibility and included in
the calculations of pooled handwashing prevalence esti-
mates for countries and regions. Study details for the 42
identiﬁed studies are presented in Appendix S2.
We estimate that 19% of people worldwide wash their
hands with soap after contact with excreta. The regional
mean prevalence of handwashing with soap ranges
between 13% and 17% in low- and middle-income
regions, and between 42% and 49% in high-income
regions (Table 1). Country-level prevalence estimates can
be found in Table 2. Country means in low- and
middle-income regions vary between 5% and 25% of
handwashing after contact with excreta, and between
48% and 72% in high-income countries. Israel and the
Republic of Korea have lower handwashing prevalence
than other high-income countries. They also are at the
lower band of income within the high-income category
(at time of surveys) and are geographically located out-
side the larger high-income regions. Given the availability
of studies, we were not able to measure the changes in
handwashing with soap prevalence over time.
Impact of handwashing promotion on diarrhoea
Figure 2 provides a ﬂow diagram for the systematic
search of publications linking handwashing with soap to
diarrhoea outcomes. We identiﬁed 920 unique publica-
tions, of which 26 were retained for quantitative meta-
analysis. Appendix S4 presents the citation, deﬁnitions
and characteristics for each of the 26 studies included in
the meta-analysis.
Of the 26 included studies, 14 employed interventions
focused on handwashing messages while 12 delivered
general hygiene education, which includes programs
where handwashing with soap was only one component
of a larger set of messages. Among the 14 handwashing-
focused studies, 11 speciﬁcally mentioned and provided
soap, but did not generally provide information on the
actual use of soap. The summary effect size of all hygiene
promotion interventions in a random-effects meta-analy-
sis of all 26 observations was a 33% reduction in the risk
of diarrhoea [risk ratio (RR) 0.67, 95% conﬁdence inter-
val (CI) 0.61–0.74]. We found a 40% reduction in the
risk of diarrhoea from the promotion of handwashing
with soap (RR 0.60, 95% CI 0.53–0.68) and a 24%
reduction in the risk of diarrhoea for general hygiene
education alone (RR 0.76, 95% CI 0.67–0.86). Promo-
tion of handwashing (with provision of soap or where
soap was used) was thus associated with greater reduc-
tion of diarrhoea than broader hygiene education
(P = 0.01) (Table 3).
When testing for length of follow-up, there was weak
evidence (P = 0.17) that the impact of the intervention
on diarrhoea declined with time after initial implementa-
tion, with an approximately 10% increase in diarrhoea
risk after one year, compared to the initial reported lev-
els. This association was, however, strongly driven by a
single study (Wilson et al. 1991), which showed a partic-
© 2014 John Wiley & Sons Ltd 909
Tropical Medicine and International Health volume 19 no 8 pp 906–916 august 2014
M. C. Freeman et al. Handwashing practices worldwide
128
ularly strong effect immediately post-intervention. Study
duration was, therefore, not retained as covariate in the
ﬁnal analysis. No association was found between diar-
rhoea risk and the other tested covariates. The included
covariates explained 32% of the between-study variance.
Omitting the studies with the poorest quality ratings,
or the single study with a particularly high effect size
immediately post-intervention, did not change the results
of the model. A funnel plot of the hygiene promotion
studies is shown in Appendix S3. Statistical tests for
asymmetry were not statistically signiﬁcant, although the
plot does not exhibit the expected funnel shape, which is
probably due to the variety of different study designs.
Interventions reporting the impact of handwashing with
soap on diarrhoea mostly provide results for the association
between maternal caregiver handwashing and diarrhoea
among children under 5 years, with impacts on other age
groups less frequently reported. Data on other age groups
were extracted wherever possible and the results for all ages
compared with children under ﬁve. No difference by age
group was detected and so it has been assumed that the esti-
mates derived here can be used for all ages.
Records identified through 
database searching [PubMed, Web 
of Knowledge, Embase] (n = 3,410)
Additional records identified from past
reviews (n = 23)
Additional datasets sent from contacted
authors (n = 3)
Records screened after duplicates 
removed
(n = 2,881)
Records excluded
(n = 2,596)
Full-text articles assessed 
for eligibility
(n = 285)
Full-text articles excluded
(n = 243)
• Hospital (37)
• No prevalence data (67)
• Not directly observed (83)
• Outbreak (7)
• Systematic review (7)
• Other (42)
Studies included in 
quantitative synthesis 
(meta-analysis)
(n = 42) Figure 1 Flowchart describing study
selection in handwashing prevalence.
Table 1 Mean prevalence of handwashing with soap by region
Region Number of studies Prevalence of handwashing with soap, (%) (95% CI)
Africa 13 14 (11, 18)
Americas HI 7 49 (33, 65)
Americas LMI 2 16 (7, 33)
Eastern Mediterranean HI* – 44 (34, 57)
Eastern Mediterranean LMI* – 15 (9, 24)
Europe HI 5 44 (29, 56)
Europe LMI 1 15 (6, 30)
South-East Asia 11 17 (7, 36)
Western Paciﬁc HI 2 43 (25, 57)
Western Paciﬁc LMI 2 13 (6, 25)
World 43 19 (8, 39)
LMI, low- and middle-income; HI, high-income; –, not available.
*No data available for Eastern Mediterranean (Emr); the mean for LMI countries was used for EmrLMI, and mean for HI countries
for EmrHI, respectively.
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Studies of hygiene cannot be blinded and generally rely
on self-reported diarrhoea. We therefore introduced bias
adjustments based on empirical evidence for all studies
(Savovic et al. 2012), in the same way as in the meta-
regression on drinking water and sanitation (Wolf et al.
2014), with the results shown in Table 3. After adjusting
for bias, while handwashing with soap leads to a marked
reduction in the risk of diarrhoea, the result is no longer
statistically signiﬁcant.
Discussion
A systematic review of global handwashing showed that
handwashing after possible contact with excreta is still
far from universally practiced. The global mean preva-
lence of handwashing was estimated at 19%. Although
this result is based on only 43 studies from 19 coun-
tries, the studies show remarkably little variability
within regions of the same income level. The high-
income countries with data on handwashing frequency
show rates varying between 48% and 72%, and low-
income countries show lower rates varying between 5%
and 25%.
To our knowledge, this is the ﬁrst systematic review of
observed handwashing prevalence. We used data from
studies that employed direct observation of handwashing
behaviour rather than self-reported behaviour, as self
reporting is known to overestimate real handwashing
rates greatly (Biran et al. 2008). However, the presence
of an observer has consistently been shown to lead to
biased results due to increased handwashing behaviour
(Ram et al. 2010; Pedersen et al., 1986; Munger &
Harris 1989). We would expect such bias to inﬂate our
estimate, meaning that 19% is likely an overestimate of
the global prevalence of handwashing. For this reason, it
is even more pressing to determine handwashing promo-
tional strategies that are effective and engender long-last-
ing behaviour change.
The risk ratio for the reduction in diarrhoeal disease
risk from handwashing with soap (RR 0.60), before
adjusting for potential bias due to lack of blinding, is lar-
gely consistent with previous estimates. It is found across
types of study design and is robust to changes in inclu-
sion criteria. Courtesy bias – the tendency of participants
(who know they are in the intervention group, i.e. they
are non-blinded) to provide answers to please the investi-
gator – is a concern, as it may lead to over-reporting of
handwashing behaviours and under-reporting of diar-
rhoea, thus an overestimation of the effect of the inter-
vention. This effect has been discussed in the context of
point-of-use water-treatment studies (Schmidt & Cairn-
cross 2009) and may also apply to hygiene interventions
(Luby et al. 2006). An additional challenge is that obser-
vations may lead to a Hawthorne effect (the effect,
Table 2 Mean prevalence of handwashing with soap by country
Region Country No. of Studies Prevalence estimate, (%) (95% CI) without sample weighting
Afr Burkina Faso 1 8 (4, 14)
Ethiopia 1 22 (13, 34)
Ghana 3 13 (6, 22)
Kenya 5 15 (7, 29)
Senegal 1 19 (12, 30)
Uganda 1 15 (9, 24)
Tanzania 1 5 (3, 10)
AmrHI USA 7 49 (32, 65)
AmrLMI Peru 2 16 (7, 32)
EurHI Israel 1 12 (5, 26)
Netherlands 1 50 (34, 66)
United Kingdom 3 52 (34, 70)
EurLMI Kyrgyzstan 1 16 (7, 32)
Sear Bangladesh 7 18 (10, 27)
India 3 15 (3, 27)
Thailand 1 25 (15, 38)
WprHI New Zealand 1 72 (44, 89)
Republic of Korea 1 17 (9, 33)
WprLMI China 2 13 (6, 24)
Afr, Africa; Amr, Americas; Emr, Eastern Mediterranean; Eur, Europe; Sear, Southeast Asia; Wpr, Western Paciﬁc; LMI, low- and mid-
dle-income; HI, high-income.
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usually positive, of being under investigation generally)
which can result either in an overstatement or
understatement of the effectiveness of the hygiene inter-
ventions (Ram et al. 2010).
In the absence of evidence as to the existence and mag-
nitude of bias due to non-blinding, we chose to make a
correction to our effect estimates based on the distribu-
tion of bias in a large-scale meta-epidemiological study of
medical and pharmacological interventions (Savovic et al.
2012). This is our best estimate of likely bias in the
absence of further evidence (Wolf et al. 2014). The
adjustment reduces the estimate of the effect of hand-
washing with soap on diarrhoea from an RR of 40% to
an RR of 23%, an estimate that is not signiﬁcant at the
5% level.
One short-term intervention study that reported obser-
vations of the amount of soap use, and employed an
objective measure of illness (rectal swabs), showed strong
Records identified through
database searching
(n = 920)
Additional records identified 
through other sources
(n = 27)
Records screened after 
duplicates removed
(n = 545)
Records excluded
(n = 498)
Full-text articles assessed for 
eligibility
(n = 47)
Full-text articles excluded 
(n = 21)
• Study design (3)
• Outcome (3)
• Insufficient data (4)
• Language (1)
• Type of publication (2)
• Data already included (6)
• Population (2)
Studies included in quantitative 
synthesis (meta-analysis)
(n = 26)
Records identified through 
Ovid SP [PubMed,
Embase & Global Health]
(n = 755)
Records identified through 
BIOSIS
(n = 165)
Figure 2 Flowchart describing the
selection of studies on the effect of
handwashing on diarrhoea.
Table 3 Meta-regression results for hygiene interventions, without and with bias adjusted for non-blinding
Bias adjustment for
non-blinding
All hygiene education
studies (n = 26)
Handwashing with soap
only (n = 14)
General hygiene education
only (n = 12)
No adjustment 0.67 (0.61, 0.74) 0.60 (0.53, 0.68) 0.76 (0.67, 0.86)
Adjustment 0.86 (0.36, 2.09) 0.77 (0.32, 1.86) 0.97 (0.40, 2.36)
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reductions in the transmission of shigellosis following
handwashing compared to a non-handwashing control
group (Khan 1982). This comparatively high-quality
study (in terms of both exposure and outcome
assessment) does provide convincing evidence that hand
hygiene has the potential to reduce risk of diarrhoea
when there is sufﬁcient motivation for people to comply.
To improve our estimates of the health impact of hand-
washing with soap, future research should:
• employ objective outcome measures
• measure compliance with the intervention and
• explore the impact of courtesy bias, including how
much it can be minimised by reducing perceived
links between an intervention and the measurement
of impact.
We used direct observation in this study because no
gold standard measures of handwashing exist, and it is
considered a more accurate measure than self-report.
While additional studies that rely on observation may not
be advisable given the known bias and cost, the need for
more precise measures of handwashing behaviour remain.
Newly emerging sensor technologies are likely to pro-
vide more accurate measures (Fleischman et al. 2011;
Ford et al. 2014). While still costly and only realistic in
high-income settings, data from studies in low-income
setting may not be far off. Objective measures of illness
are also improving that rely on immune response or
provide pathogen speciﬁc phylogenics (Wu et al. 2010;
Lammie et al. 2012), and do not rely on self-reported
diarrhoea.
Even when we reduce the effect estimate for suspected
courtesy bias, a concurrent publication suggests that
handwashing with soap could reduce the burden of dis-
ease by some 296 872 (95% CI 0–882 159) lives a year
based on 2012 data (Pr€uss-Ust€un et al. 2014). As argued
by Curtis and Cairncross in their review (2003), it is
reasonable to assume that reductions of diarrhoeal mor-
bidity would result in great reductions in mortality. This
is a large number that does not take into account other
possible health effects of handwashing. Two recent
meta-analyses, for example, have investigated the link
between hygiene and respiratory infections. A systematic
review by Rabie and Curtis (2006) found a mean reduc-
tion in acute respiratory infections of 16% (95% CI 6–
40%) from eight studies in community and institutional
settings in high-income countries. In a review of 16
studies of various hand hygiene interventions (soap, san-
itiser, education) from low-, middle- and high-income
countries in both community and institutional settings,
Aiello et al. (2008) found mean reduction in respiratory
illness of 21% (95% CI 5–34%). In addition, as part of
an observational study, handwashing has been reported
to reduce neonatal mortality (Rhee et al. 2008). In a
study that included, but was not limited to, handwash-
ing promotion found reductions in worm infection in
China (Bieri et al. 2013). Personal hygiene reduces the
risk of severe trachoma infection (Emerson et al. 2000),
mitigates the effects of Severe Acute Respiratory Syn-
drome (Fung & Cairncross 2006) and is recommended
to address the risk of inﬂuenza pandemics (Cowling
et al. 2009). However, the evidence on hand hygiene
and diseases other than diarrhoeal infections in develop-
ing countries is too limited and the evidence from devel-
oped countries too heterogeneous to currently draw
quantitative conclusions in view of population health
impacts.
Further questions remain for research in handwashing.
It is not yet clear which handwashing occasions are the
most important. Although handwashing with soap after
contact with faecal material (e.g. after defecation) pro-
vides an important barrier to faecal–oral transmission, it
does not prevent secondary transmission (e.g. before
preparing food and feeding children – Nizame et al.
2013). It is not clear how often hands should be
washed, given the tendency for hands to become rapidly
recontaminated in normal daily activity (Devamani
2001; Ram et al. 2011). It is currently not clear what
are the optimal, and practical, hand-cleansing rates to
prevent the transmission of respiratory and other patho-
gens. In addition, it is still not clear as to which hands
matter most – is it the mother’s, the child’s, or those of
people outside the family potentially vectoring novel
pathogens?
With an overall average of 19% of the world popula-
tion washing their hands with soap after using the toilet,
much promotional work is still needed to increase the
frequency of this practice, especially in the poorest coun-
tries with the highest disease burdens. The success of
recent efforts to promote hand hygiene (Biran et al.
2014) is encouraging (Curtis et al. 2009), though it is
clear that scaled approaches to improve handwashing
with soap are needed.
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Abstract objective To estimate the burden of diarrhoeal diseases from exposure to inadequate water,
sanitation and hand hygiene in low- and middle-income settings and provide an overview of the
impact on other diseases.
methods For estimating the impact of water, sanitation and hygiene on diarrhoea, we selected
exposure levels with both sufﬁcient global exposure data and a matching exposure-risk relationship.
Global exposure data were estimated for the year 2012, and risk estimates were taken from the most
recent systematic analyses. We estimated attributable deaths and disability-adjusted life years
(DALYs) by country, age and sex for inadequate water, sanitation and hand hygiene separately, and
as a cluster of risk factors. Uncertainty estimates were computed on the basis of uncertainty
surrounding exposure estimates and relative risks.
results In 2012, 502 000 diarrhoea deaths were estimated to be caused by inadequate drinking
water and 280 000 deaths by inadequate sanitation. The most likely estimate of disease burden from
inadequate hand hygiene amounts to 297 000 deaths. In total, 842 000 diarrhoea deaths are
estimated to be caused by this cluster of risk factors, which amounts to 1.5% of the total disease
burden and 58% of diarrhoeal diseases. In children under 5 years old, 361 000 deaths could be
prevented, representing 5.5% of deaths in that age group.
conclusions This estimate conﬁrms the importance of improving water and sanitation in low- and
middle-income settings for the prevention of diarrhoeal disease burden. It also underscores the need
for better data on exposure and risk reductions that can be achieved with provision of reliable piped
water, community sewage with treatment and hand hygiene.
keywords burden of disease, diarrhoea, water, sanitation, hygiene
Introduction
Information on the burden of disease, its causes and pre-
vention is fundamental to health policy. Among other
things, an improved understanding of the disease burden
and the relative contribution of key risks points towards
opportunities for preventive action in a context of
increasing healthcare costs (OECD 2013).
In recognition of the value of this information, several
comprehensive disease burden studies, focusing mainly on
894 © 2014 The Authors. Tropical Medicine and International Health published by John Wiley & Sons Ltd.
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diarrhoeal diseases, have been undertaken in recent dec-
ades (Murray & Lopez 1996; WHO 2002, 2004, 2009;
Pr€uss-Ust€un et al. 2008; Lim et al. 2012). These report
important changes in the roles of various risk factors
(Clasen et al. 2014).
Inadequate drinking water, sanitation and hygiene
(WASH) are important risk factors, particularly in low-
income settings. In 2011, an estimated 768 million peo-
ple relied on ‘unimproved’ water supplies (as deﬁned by
the WHO/UNICEF Joint Monitoring Program for Water
and Sanitation – JMP), which are thought to have high
levels of pathogen contamination (WHO & UNICEF
2013a). Many more use sources that are classiﬁed as
‘improved’ but are still unsafe for consumption (Bain
et al. 2014). More than 2.5 billion people lack access to
an improved sanitation facility (WHO & UNICEF
2013a). Inadequate hand hygiene practices have been
estimated to affect 80% of the population globally (Free-
man et al. 2014b).
The health risks from inadequate WASH have been
documented previously (Esrey et al. 1991; Fewtrell et al.
2005; Waddington et al. 2009). However, the unpub-
lished review on which the 2010 Global Burden of Dis-
ease (GBD) study is based (Lim et al. 2012) departed
from earlier reviews by ﬁnding no additional beneﬁt from
further improvements such as higher water quality or
continuous piped supply over the exposure deﬁned as
using ‘other improved water supplies’ (Engell & Lim
2013). A more recent systematic review, however, is lar-
gely consistent with previous evidence (Wolf et al. 2014).
Estimating the impact of WASH on diarrhoeal diseases
has commonly been assessed with comparative risk
assessment methods (Ezzati et al. 2002; WHO 2004; Lim
et al. 2012), although other methods such as population
intervention models could also be considered (Clasen
et al. 2014). Other diseases cannot currently be estimated
with such methods due to insufﬁcient evidence and
require alternative approaches. As these would require
considerable additional assessments and analyses, they
are not analysed in detail in this article.
Accrual of substantive recent evidence, as well as
trends in the total diarrhoea burden, justiﬁes the revision
of methods and estimates of the burden of diarrhoeal
disease associated with inadequate WASH. While the
estimate presented focuses mainly on low- and middle-
income settings, the approach used can accommodate a
wider range of settings. An overview of previous ﬁndings
on the impacts of WASH on other diseases than
diarrhoea is also provided.
Methods
Framework for estimation
For the purpose of this assessment, we deﬁned WASH to
include the following transmission pathways: (i) ingestion
of water – for example diarrhoea, arsenicosis, ﬂuorosis;
(ii) lack of water linked to inadequate personal hygiene –
for example diarrhoea, trachoma, scabies; (iii) poor per-
sonal, domestic or agricultural hygiene – for example
diarrhoea, Japanese encephalitis; (iv) contact with water
– for example schistosomiasis; (v) vectors proliferating in
water – for example malaria; and (vi) contaminated
water systems – for example legionellosis (Pr€uss et al.
2002). The impact of WASH on most diseases cannot be
precisely estimated, because of insufﬁcient information on
global exposures of concern or lack of widely applicable
risk estimates matching the exposures. Table 1 provides
Table 1 Diseases related to water, sanitation and hygiene
Disease outcomes and range of the fraction of disease globally attributable to WASH*
Contribution of WASH not
quantiﬁed at global level 0–33% 33–66% 66–100%
Hepatitis A, E, F
Legionellosis
Scabies
Arsenicosis
Fluorosis
Methaemoglobinaemia
Onchocerciasis Lymphatic ﬁlariasis
Malaria
Undernutrition and its consequences
Drowning
Ascariasis
Hookworm
Trichuriasis
Dengue
Schistosomiasis
Japanese encephalitis
Trachoma
WASH, water, sanitation and hygiene.
Includes diseases other than diarrhoea.
Adapted from: Pr€uss-Ust€un and Corvalan (2007), Pr€uss-Ust€un et al. (2008).
*Estimates based on previous assessments combining systematic literature reviews with expert opinion.
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an overview of main diseases related to WASH and previ-
ously estimated attributable fractions by disease. An over-
view of previous results is provided in the Discussion
section.
The burden of diarrhoea associated with inadequate
WASH can, however, be estimated using comparative risk
assessment methods (Ezzati et al. 2002; WHO 2004; Lim
et al. 2012) and is addressed in detail in this article. This
approach estimates the proportional reduction in disease
or death that would occur if exposures were reduced to an
alternative baseline level bearing a minimum risk (also
referred to as theoretical minimum risk), while other con-
ditions remain unchanged. It is derived from the propor-
tion of people exposed to the conditions of interest and the
relative risk of disease related to the exposure.
Proportion of the population exposed and relative risk
values were speciﬁed by level of exposure, age group and
sex. Estimates were calculated for the 145 low- and mid-
dle-income countries (WHO Member States with income
levels deﬁned by the World Bank for 2012), which were
then grouped into the six WHO Regions (WHO 2013b,
Supporting Information). The estimation was performed
for the year 2012 (WHO 2013a).
Selection of exposure-risk pairs for diarrhoeal disease
Water. Exposure levels were selected according to the
availability of exposure data and corresponding expo-
sure-risk information (Wolf et al. 2013, 2014) and
included the following: (i) using an unimproved water
source; (ii) using an improved water source other than
piped to premises; (iii) using basic piped water on pre-
mises (improved source); and (iv) using a water ﬁlter or
boiling water in the household (on water from an unim-
proved or improved source).
As piped water on premises is often intermittent and of
suboptimal quality, the risks associated with having
access to a ‘basic’ piped water supply in most settings of
low- and middle-income countries are not equal to zero.
A single study (meeting the criteria for the systematic
review – Wolf et al. 2014) was identiﬁed which could
inform this estimate of risk (i.e. by demonstrating the
effect of improving water quality through the better oper-
ation of an existing piped water system in a context rele-
vant to a low- or middle-income country). This study
(Hunter et al. 2010) showed a signiﬁcant and large
reduction in diarrhoea and had an effect size of 0.32
(95% CI: 0.14–0.74). This evidence is also supported by
information from disease outbreaks resulting from
contaminated piped water (Mermin et al. 1999) and by
interventions to further improve water supply systems in
developed countries (Gunnarsdottir et al. 2012).
However, given that only one study is currently available
on the improvement beyond piped water to premises, a
conservative approach was taken and the next best expo-
sure level was used as the counterfactual (i.e. baseline)
exposure (which consists of using a ﬁlter to treat water at
household level – Wolf et al. 2014). Household water ﬁl-
tering is therefore used as a proxy for further improve-
ment beyond currently available improved water sources.
It has been documented that lower water use (Cairn-
cross & Feachem 1993; Royal Scientiﬁc Society 2013)
and increasing distance to a water source (Tonglet et al.
1992; Galiani et al. 2007; Pickering & Davis 2012;
Evans et al. 2013) have been associated with an increased
risk of diarrhoea. The number of studies identiﬁed, how-
ever, was not sufﬁcient to derive a pooled estimate. To
account for this, in the current analysis, people living at
distances greater than a 30-min round trip from their
water source were assumed to have unimproved water.
Among assessed household water treatment methods,
after adjusting for bias introduced through non-blinding
of study participants, only use of a ﬁlter showed signiﬁ-
cant reductions in diarrhoeal disease morbidity; the effect
of other methods, such as solar disinfection and chlorina-
tion, became non-signiﬁcant after adjusting for bias (Wolf
et al. 2014). Boiling of drinking water is a widespread
practice in certain areas (Rosa & Clasen 2010), and
while boiling may be an effective water treatment, recon-
tamination has been reported (Clasen et al. 2008; Rosa
et al. 2010). Only one study, however, has reported on
the health effect of this practice (Iijima et al. 2001) and,
for the purposes of this analysis, people who boil their
drinking water have been classiﬁed with those who ﬁlter
their water. Safe storage was assumed for all households
ﬁltering or boiling their water as information on recon-
tamination was not available. Households ﬁltering or
boiling their water, with subsequent safe storage, repre-
sent the minimum risk group in this analysis.
The exposure levels for inadequate drinking water,
used in this analysis, along with additional levels of expo-
sure to water with improved quality or quantity that are
not currently supported by sufﬁcient epidemiological evi-
dence, are shown in Figure 1. This approach can accom-
modate further exposure levels when supported by
sufﬁcient evidence. The exposure–risk relationships (taken
from Wolf et al. 2014) are summarised in Table 2.
Sanitation. The only exposure levels for inadequate sani-
tation with both globally representative exposure data and
sufﬁcient evidence for its effect on diarrhoea were the use
of an improved or unimproved sanitation facility (as
deﬁned by JMP –WHO& UNICEF 2013b). Evidence
based on two studies suggests that further reduction in
896 © 2014 The Authors. Tropical Medicine and International Health published by John Wiley & Sons Ltd.
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diarrhoea morbidity can be achieved with sewer connec-
tions in urban settings (although it should be noted that
potential adverse impacts of untreated sewage on receiving
communities have not been well studied). As the evidence
for sewer connection was limited, it was not retained for
the current diarrhoeal disease burden estimates. The over-
all effect for access to an improved sanitation facility on
reduction in diarrhoea morbidity used was 28% (RR 0.72,
95% CI 0.59–0.88) from Wolf et al. (2014).
Hygiene. An updated review of the evidence linking inter-
ventions of the promotion of hand hygiene with soap and
diarrhoea morbidity (Freeman et al. 2014b) showed a
40% reduction in diarrhoea (RR 0.60, 95% CI 0.53–
0.68). When correcting for bias due to non-blinding in
studies using subjective health outcomes (Savovic et al.
2012), this estimate changes to 0.77 (95% CI 0.32–1.86)
and becomes non-signiﬁcant. It should be noted, however,
that this bias correction is based on a wide array of medical
Legend: Direct, sufficient evidence Indirect comparison
Insufficient epidemiological evidence
Exposure levels used for estimation of disease burden
COMMUNITY LEVEL HOUSEHOLD LEVEL
Unimproved water source
(or a round trip of 30 min
or more required
Improved other than piped
to premise source
(within 30 min)
Basic Piped water to premise,
non-continuous/sub-optimal
quality
Piped water source,
continuous/higher quality
Household water
treatment using
filters or boilingSanitary
/water 
safety 
plan
Figure 1 Exposure levels and associated risks for drinking water-related burden of disease estimates.
Table 2 Effect sizes used for estimating diarrhoeal disease burden estimates from inadequate drinking water
Baseline water
Outcome water
Improved source
other than piped to premise Basic piped water to premise‡
Filter and safe storage
in the household*
Unimproved source 0.89 (0.78–1.01) 0.77 (0.64–0.92) 0.55 (0.38–0.81)
Improved source other than piped to premise 0.86 (0.72–1.03) 0.62 (0.42–0.93)
Basic piped water to premise‡ 0.72 (0.47–1.11)†
Not all steps of this body of evidence may be signiﬁcant; however, risk estimates of the overall chain of improvements in water and
sanitation are signiﬁcant.
Adapted from: Wolf et al. (2014); Figures constitute relative risks (and 95% conﬁdence intervals).
*Estimate for ﬁltering water in the household also used for boiling water.
†Obtained through indirect comparison with improved non-piped or community water source in the meta-regression.
‡possibly non-continuous, and/or of sub-optimal quality.
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interventions, which may be of limited applicability to this
type of intervention. A 23% reduction in diarrhoeal dis-
ease risk remains the best estimate of the effect of hand-
washing promotion.
Estimation of the proportion of people exposed
We drew on the deﬁnitions of the use of improved
water sources, piped water to premises and improved
sanitation of the JMP (WHO & UNICEF 2013b).
Exposure by country was estimated by multilevel mod-
elling as previously described (Wolf et al. 2013) based
on over 1400 data points from national and interna-
tional household surveys and censuses reported by JMP
(WHO & UNICEF 2013b). Households with a travel
time to the water source >30 min were deducted from
improved sources at community level. We applied a lin-
ear two-level model with a logit transformation of the
dependant variable (use of improved water source,
improved sanitation or piped water to premises) to
obtain estimates for the year 2012 (Wolf et al. 2013).
The model also used a cubic spline transformation of
the main predictor (time) and WHO region (WHO
2013b) as covariates, as well as a random intercept and
slope by country.
Travel time of >30 min was reported by 178 household
surveys [Demographic Health Surveys (USAID 2014),
Multiple Indicator Cluster Surveys (UNICEF 2014),
World Health Surveys (WHO 2014)] from 79 countries
and was estimated for the year 2012 using a similar but
simpliﬁed approach with a linear two-level model, with
time and region as covariates and a random intercept and
slope by country.
The proportion of country populations practising water
treatment in the household was estimated using data
from 78 household surveys [Demographic Health Surveys
(USAID 2014), Multiple Indicator Cluster Surveys (UNI-
CEF 2014), World Health Surveys (WHO 2014)] from
68 countries containing information on reported house-
hold water treatment (including chlorination, boiling, ﬁl-
tering, solar disinfection and others). A similar modelling
approach as for travel time >30 min was used to obtain
the proportion of households boiling or ﬁltering their
drinking water for the year 2012, with the difference that
it did not use a random slope at country level. For coun-
tries with no information, the regional mean trend was
taken as the best estimate.
Based on a review of water quality (Bain et al. 2014),
no signiﬁcant proportion of households in low- and mid-
dle-income settings are currently assumed to beneﬁt from
regulated and fully functional piped water supply
systems.
The hand-washing prevalence, based on 75 observa-
tions, was taken from the systematic review reported by
Freeman et al. (2014b).
Population-attributable fractions of diarrhoeal disease for
individual risk factor and for the cluster
For each risk factor, the population-attributable
fraction (PAF) was estimated by comparing current
exposure distributions to a counterfactual distribution,
for each exposure level, sex and age group, and by
country:
PAF ¼
Pn
i¼1 piðRRi  1ÞPn
i¼1 piðRRi  1Þ þ 1
ð1Þ
where pi and RRi are the proportion of the exposed
population and the relative risk at exposure level i,
respectively, and n is the total number of exposure lev-
els.
Exposure to inadequate WASH is related by similar
mechanisms and policy interventions. The following for-
mula has been proposed for the estimation of burden
attributable to a cluster of risk factors (Lim et al.
2012):
PAF ¼ 1
YR
r¼1ð1 PAFrÞ ð2Þ
where r is the individual risk factor and R the total num-
ber of risk factors accounted for in the cluster. This for-
mula assumes that risk factors are independent. This
assumption is likely to be an oversimpliﬁcation for
WASH as, for instance, handwashing promotion is unli-
kely to be effective if water quantity is limited. However,
this approach has been applied in the assessment for ease
of interpretation of the results, and in the absence of a
more suitable approach.
Estimation of burden of diarrhoeal disease
The burden of disease attributable to each risk factor
(AB), or to the cluster of risk factors, in deaths or disabil-
ity-adjusted life years (DALYs), was obtained by multi-
plying the PAFs by the total burden of disease of
diarrhoea (B):
AB ¼ PAF B ð3Þ
The PAFs were applied equally to burden of disease in
deaths and DALYs, and we assumed that the case fatality
related to WASH was the same as the mean case fatality
of diarrhoeal diseases.
898 © 2014 The Authors. Tropical Medicine and International Health published by John Wiley & Sons Ltd.
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Uncertainty estimates
To estimate uncertainty intervals, we developed a Monte
Carlo simulation of the results with 5000 draws of the
exposure distribution, and of the relative risks. As lower
and upper uncertainty estimates, we used the 2.5 and
97.5 percentiles of the attributable fractions, attributable
deaths and DALYs resulting from the Monte Carlo analy-
sis (Palisade 2013).
Results
The worldwide distribution of exposure and the resulting
attributable deaths and DALYs from diarrhoeal disease
associated with inadequate WASH practices were esti-
mated for the year 2012.
Exposure estimates
In low- and middle-income countries, it was found that
in 31% of households people report boiling or ﬁltering
their water; 31% of households use piped water to pre-
mises; 27% use a non-piped or community water source;
12% use only an unimproved water source and do not
ﬁlter or boil their water; and on the sanitation side, 58%
of households were estimated to use an improved sanita-
tion facility, respectively.
Handwashing after using a sanitation facility or con-
tact with faecal material is practised by 19% of people
worldwide (based on observation data), with a mean of
14% in low- and middle-income countries, and 43% in
high-income countries (Freeman et al. 2014b). The esti-
mated regional distribution of exposure is presented in
Table 3 (drinking water) and Table 4 (sanitation and
hygiene); more detail by country is provided in the Sup-
porting Information.
Estimates of the burden of diarrhoeal disease
The resulting burden of diarrhoea, in low- and middle-
income countries, linked to these exposures amounts to
502 000 deaths associated with inadequate water and
280 000 deaths due to inadequate sanitation from a total
of 1.50 million diarrhoeal deaths in the year 2012.
In addition, it was estimated that 297 000 deaths could
be prevented by the promotion of hand hygiene, although
this estimate is based on an effect size which is not statis-
tically signiﬁcant. The estimate without adjusting for
non-blinding would be 539 000 deaths.
Together (using Equation 2), the deaths attributable to
inadequate water and sanitation amount to 685 000.
Adding (bias-adjusted) inadequate hand hygiene increases
this estimate to 842 000 deaths, which represents 1.5% T
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of the global disease burden in 2012. A regional sum-
mary of attributable deaths and DALYs for each of the
risk factors is provided in Tables 5–7, and the cluster
data are shown in Table 8. Detail by country can be
found in the Supporting Information.
Among children under 5 years, 361 000 deaths could
have been prevented through reduction of these risks in
low- and middle-income settings, representing 5.5% of
the total burden of disease in this age group.
Discussion
These estimates of the burden of diarrhoea attributable
to inadequate WASH are lower than previous estimates
coordinated by WHO (WHO 2009) and higher than the
recent estimate of the 2010 GBD study (Lim et al.
2012). There is strong evidence that the number of
deaths due to diarrhoeal disease has dropped consider-
ably since 2004 (WHO 2009; Liu et al. 2012; Lozano
et al. 2012) due to a combination of improved manage-
ment of diarrhoeal disease (especially the use of oral
rehydration therapy) and better access to water and san-
itation. This is in line with the lower burden of diarrho-
eal disease estimates in both the 2010 GBD study and
the current work. The larger burden of diarrhoeal dis-
ease found in this study, compared with the 2010 GBD
study, can be explained by the different counterfactuals
used, the consideration in this study of disease burden
due to poor hand hygiene and to the adjustments made
to account for bias resulting from the lack of blinding
Table 4 Distribution of the population to exposure levels of san-
itation and hygiene, by region, for 2012
Region
Access to improved
sanitation facility
Prevalence of
handwashing
after contact with
excreta
Proportion of total population
Sub-Saharan Africa 0.35 0.14
America, HI – 0.49
America, LMI 0.83 0.16
Eastern
Mediterranean, HI
– 0.44
Eastern
Mediterranean, LMI
0.68 0.14
Europe, HI – 0.44
Europe, LMI 0.87 0.15
South-East Asia 0.47 0.17
Western Paciﬁc, HI – 0.43
Western Paciﬁc, LMI 0.64 0.13
Total – 0.19
Total HI – 0.43
Total LMI 0.58 0.14
LMI, low and middle income; HI, high income; –, not estimated.
Table 5 Diarrhoea burden attributable to inadequate water by region, 2012
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1000s) (95% CI)
Sub-Saharan Africa 0.38 (0.19–0.50) 229 316 (106 664–300 790) 17 587 (8152–23 065)
America, LMI 0.26 (0.14–0.33) 6441 (624–9748) 522 (39–801)
Eastern Mediterranean, LMI 0.36 (0.19–0.46) 50 409 (22 498–66 604) 4046 (1784–5351)
Europe, LMI 0.16 (0.10–0.26) 1676 (196–2606) 174 (19–271)
South-East Asia 0.32 (0.11–0.44) 207 773 (59 708–293 068) 10 748 (3097–15 160)
Western Paciﬁc, LMI 0.20 (0.09–0.27) 6448 (2005–9469) 716 (198–1081)
Total LMI 0.34 (0.16–0.45) 502 061 (217 119–671 945) 33 793 (14 930–44 871)
DALYs, disability-adjusted life years; PAF, population-attributable fraction; LMI, low and middle income.
Table 6 Diarrhoea burden attributable to inadequate sanitation by region, 2012
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1000s) (95% CI)
Sub-Saharan Africa 0.21 (0.07–0.31) 126 294 (42 881–186 850) 9694 (3291–14 333)
America, LMI 0.09 (0.03–0.15) 2370 (774–3724) 188 (61–295)
Eastern Mediterranean, LMI 0.17 (0.06–0.26) 24 441 (8339–36 809) 1914 (651–2887)
Europe, LMI 0.03 (0.01–0.06) 352 (107–597) 36 (11–61)
South-East Asia 0.19 (0.06–0.28) 123 279 (42 116–185 426) 6376 (2177–9595)
Western Paciﬁc, LMI 0.11 (0.04–0.17) 3709 (1171–5954) 444 (136–737)
Total LMI 0.19 (0.07–0.29) 280 443 (95 699–417 482) 18 650 (6380–27 769)
DALYs, disability-adjusted life years; PAF, population-attributable fraction; LMI, low and middle income.
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in studies on different household water treatment
interventions.
The estimate of diarrhoeal disease burden attributable
to inadequate WASH practices is limited by the underly-
ing evidence, which remains scarce for the transition
between an improved water source and a functional and
regulated water supply system. The evidence is also lim-
ited on sanitation; in particular, there is a dearth of infor-
mation on wastewater and excreta management from
improved facilities and the impact this has on down-
stream communities when it is disposed of, untreated, to
the environment. In addition, a conservative effect size
was chosen for the impact of hand hygiene on diarrhoea,
based on ﬁgures adjusted for possible bias (Freeman et al.
2014b). This approach is, thus, more conservative than
previous estimates (Curtis & Cairncross 2003).
Exposure data are limited in terms of representative
measures of water quality. Handwashing prevalence has
not yet been widely assessed, although studies have
shown surprisingly little variation across countries and
population groups within income groups (Freeman et al.
2014b). Surveys reporting the use of household water
treatment options have shown some over-reporting. This
would, however, have led to an underestimation of diar-
rhoeal disease burden in this analysis as households
reported as ﬁltering or boiling their water were assigned
as having no risk related to inadequate WASH.
Certain potentially relevant exposure/exposure-risk
pairs cannot yet be considered. These include, for exam-
ple, incomplete community sanitation (i.e. incomplete
community coverage) meaning that contact with excreta
may persist within the community. Another example con-
sists in improved sanitation facilities without treatment,
which are likely to result in exposure of receiving com-
munities to untreated sewage and could affect 22% of
the global population (Baum et al. 2013). Also, this
assessment is limited to non-outbreak situations.
The global assessment of exposure to faecal contamina-
tion through drinking water (Bain et al. 2014) has high-
lighted that piped water supplies in the American,
Table 7 Diarrhoea burden attributable to inadequate hand hygiene by region, 2012
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1000s) (95% CI)
Sub-Saharan Africa 0.20 (0–0.61) 122 955 (0–365 911) 9411 (0–28 006)
America, HI 0.13 (0–0.45) – –
America, LMI 0.20 (0–0.60) 5026 (0–15 013) 416 (0–1243)
Eastern Mediterranean, HI 0.14 (0–0.48) – –
Eastern Mediterranean, LMI 0.21 (0–0.61) 28 699 (0–85 369) 2314 (0–6884)
Europe, HI 0.14 (0–0.48) – –
Europe, LMI 0.19 (0–0.59) 1972 (0–5975) 202 (0–611)
South-East Asia 0.20 (0–0.60) 131 519 (0–392 018) 6857 (0–20 444)
Western Paciﬁc, HI 0.16 (0–0.50) – –
Western Paciﬁc, LMI 0.21 (0–0.61) 6690 (0–19 891) 758 (0–2253)
Total 0.20 (0–0.60) – –
Total HI 0.14 (0–0.47) – –
Total LMI 0.20 (0–0.60) 296 860 (0–885 355) 19 958 (0–59 491)
DALYs, disability-adjusted life years; PAF, population-attributable fraction; LMI, low and middle income; HI, high income; –, not esti-
mated.
Table 8 Diarrhoea deaths attributable to the cluster of inadequate water, and inadequate sanitation and hand hygiene
Region
Inadequate water, sanitation and hand hygiene Inadequate water and sanitation
PAF (95% CI) Deaths (95% CI) PAF (95% CI) Deaths (95% CI)
Sub-Saharan Africa 0.61 (0.55–0.66) 367 605 (326 795–402 438) 0.51 (0.47–0.55) 307 493 (276 989–335 899)
America, LMI 0.46 (0.36–0.50) 11 519 (9310–13 616) 0.32 (0.28–0.34) 8125 (7101–9158)
Eastern Mediterranean, LMI 0.58 (0.47–0.66) 81 064 (65 359–94 707) 0.47 (0.40–0.53) 65 700 (55 266–75 876)
Europe, LMI 0.35 (0.28–0.46) 3564 (2462–4678) 0.19 (0.19–0.27) 1970 (1654–2280)
South-East Asia 0.56 (0.36–0.70) 363 904 (225 359–477 720) 0.45 (0.31–0.57) 291 763 (193 198–383 423)
Western Paciﬁc, LMI 0.44 (0.31–0.54) 14 160 (10 035–18 009) 0.29 (0.23–0.33) 9429 (7519–11 242)
Total LMI 0.58 (0.48–0.65) 841 818 (699 059–963 626) 0.47 (0.40–0.53) 684 479 (580 456–780 463)
PAF, population-attributable fraction; LMI, low and middle income.
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European and Western Paciﬁc low- and middle-income
regions show particularly low contamination in urban
areas, with <10% of investigated samples faecally con-
taminated. The relative risks from the meta-regression
(Wolf et al. 2014) may overrate the risks of water
sources with such low proportions of contamination, as
they have been relatively poorly investigated in the under-
lying epidemiological literature. If assuming that urban
piped supplies in those regions carry no increased risk for
diarrhoea, the total diarrhoea burden from inadequate
water sources would have decreased from 502 000 to
497 000 deaths in 2012, with 2800 fewer deaths in the
American region, 700 fewer deaths in the European
region and 1500 fewer deaths in the Western Paciﬁc
region, respectively. The contamination of piped water in
those regions may, however, have been underestimated
because (i) studies tend to take place in formal urban
areas and especially in capital cities, (ii) the assessment
reported the per cent of samples containing contamina-
tion rather than compliance with WHO guidelines, and
(iii) the focus was on water quality at the source and not
stored at home or sampled just before consumption (Bain
et al. 2014).
The current estimation has focused on diarrhoeal dis-
eases and has not re-analysed the impact on other dis-
eases, which have been linked to inadequate WASH,
including soil-transmitted helminth infections (Zieg-
elbauer et al. 2012), vector-borne diseases (Emerson
et al. 2000), environmental enteropathy (Humphrey
2009). Furthermore, improved WASH has been shown
to signiﬁcantly reduce undernutrition (Dangour et al.
2013), a major cause of mortality in children under
5 years of age (Black et al. 2013). Previous estimates,
based on literature reviews combined with expert opin-
ion, have, however, attempted to provide quantitative
estimates of other diseases than diarrhoea, with the fol-
lowing results: In 2004, 881 000 deaths were attributed
to water supply, sanitation and hygiene, mainly through
the effect on undernutrition and its consequences, but
also from schistosomiasis and lymphatic ﬁlariasis. The
impacts of water resource management, mainly on
malaria but also dengue and Japanese encephalitis, were
estimated to amount to 557 000 deaths in the same
year. Finally, safer water environments could have pre-
vented 244 000 deaths from drowning, globally (Pr€uss-
Ust€un & Corvalan 2007; Pr€uss-Ust€un et al. 2008).
Although these ﬁgures would require an update, they
indicate that the impacts of WASH on other diseases
combined are likely to be even higher than those on
diarrhoea.
The estimation of diarrhoeal disease burden relies on
proxies such as access to water and sanitation facilities
rather than water quality, water quantity or behaviours
associated with these facilities (such as consistent or
exclusive use by individuals) which are also a determining
factor in characterising actual exposure. They were
selected because of the available exposure information
and their best match in the latest ﬁndings on risk esti-
mates from the epidemiological literature. Greater preci-
sion of estimates is expected with better assessment of
these more proximal risks and their population expo-
sures. In addition, in common with a number of other
disease burden estimates (Lim et al. 2012), the estimate is
based on risk estimates for morbidity rather than mortal-
ity.
Due to these limitations, it is unlikely that this estimate
accounts for the full health beneﬁts in diarrhoea reduc-
tion that could be achieved by improvements in WASH.
By relying on evidence of interventions that have often
only achieved limited or partial compliance, this disease
burden reﬂects reduction in diarrhoea that can be
achieved with currently documented interventions in low-
and middle-income countries. It is unlikely that the esti-
mate accounts for the full reduction in burden that could
be achieved by well-functioning water supply or sewage
systems. For example, this estimate does not reﬂect health
beneﬁts that may be achieved through improvements fol-
lowing the implementation of management systems such
as water safety plans (Gunnarsdottir et al. 2012), a pro-
active, comprehensive approach to managing risks
throughout the water supply system. In addition, the esti-
mates do not account for the potential impact of
improvements to institutional settings, such as health cen-
tres and schools, and where studies have shown impact
on other age groups (Dreibelbis et al. 2014; Freeman
et al. 2014a).
Through the reassessment of the evidence linking
drinking water to diarrhoea using a more scaled
approach (Wolf et al. 2014), it has been possible to
develop an estimate that takes account of the reduction
in risks when further improving water quality or quantity
over what is currently deﬁned as an ‘improved source’,
which was not carried out in more basic assessments
(Lim et al. 2012). Indeed, improved water sources have
been shown to carry important contamination and risks
to a signiﬁcant share of the population (Bain et al.
2014).
The separate assessment of the risks of WASH is not
ideal, as those risk factors are likely to have linkages in
terms of both exposure and effects on diarrhoeal risk.
This choice was made, however, to facilitate policy inter-
pretation, and because of the availability of factor-speciﬁc
data sets. Nevertheless, the validity of some of these
aspects, such as joint interventions, has been assessed in
902 © 2014 The Authors. Tropical Medicine and International Health published by John Wiley & Sons Ltd.
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the meta-regression (Wolf et al. 2014) by testing the sig-
niﬁcance of covariates.
It is acknowledged that this assessment does not
account for a number of relevant exposures including
access to a continuous supply of safe piped water, com-
munity sewerage which prevents exposure to untreated
wastewater or excreta (rather than focusing on house-
hold exposure alone) – evidence in this area is still lim-
ited. The counterfactual for the current assessment
corresponds to currently achievable options that have
been documented in developing countries and does not
yet take into account the improvements that could be
made beyond such a status. Although this assessment is
limited to low- and middle-income settings, it is
acknowledged that health risks exist even in apparently
well-managed drinking water systems in developed
countries (Zmirou et al. 1995; Naumova et al. 2005;
Lake et al. 2007; Tinker et al. 2009), and further
improvements have been shown to reduce health risks
(Gunnarsdottir et al. 2012). This assessment does, how-
ever, act as a step towards a more comprehensive
future estimate.
Conclusion
This updated estimate of the diarrhoeal disease burden
due to inadequate WASH has made use of a meta-regres-
sion approach to the evidence, based on speciﬁc informa-
tion of baseline and outcome situation for each relevant
study. This approach has resulted in a more reﬁned esti-
mate of disease burden according to exposure speciﬁci-
ties. It can accommodate further consolidation as
evidence accrues. It conﬁrms the important role of the
provision of safe water, adequate sanitation and hygiene
promotion to protect health. Previous ﬁnding indicating
an important impact of WASH on other diseases than
diarrhoea further strengthens these ﬁndings.
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ABSTRACT
Background The update of the global burden of disease attributable to the environment is presented. The study focuses on modiﬁable risks to
show the potential health impact from environmental interventions.
Methods Systematic literature reviews on 133 diseases and injuries were performed. Comparative risk assessments were complemented by
more limited epidemiological estimates, expert opinion and information on disease transmission pathways. Population attributable fractions
were used to calculate global deaths and global disease burden from environmental risks.
Results Twenty-three percent (95% CI: 13–34%) of global deaths and 22% (95% CI: 13–32%) of global disability adjusted life years (DALYs)
were attributable to environmental risks in 2012. Sixty-eight percent of deaths and 56% of DALYs could be estimated with comparative risk
assessment methods. The global disease burden attributable to the environment is now dominated by noncommunicable diseases. Susceptible
ages are children under ﬁve and adults between 50 and 75 years. Country level data are presented.
Conclusions Nearly a quarter of global disease burden could be prevented by reducing environmental risks. This analysis conﬁrms that
eliminating hazards and reducing environmental risks will greatly beneﬁt our health, will contribute to attaining the recently agreed Sustainable
Development Goals and will systematically require intersectoral collaboration to be successful.
Keywords environment, morbidity and mortality, public health
Introduction
Attribution of the burden of disease to environmental risks
highlights the importance of environmental protection for
people’s health and can inform priority setting for targeted
management of environmental determinants. Ten years ago
the global burden of disease attributable to the environment
was estimated for the ﬁrst time in a comprehensive, system-
atic and transparent way.1 The study concluded that as much
as 24% of disability adjusted life years (DALYs) and 23% of
deaths were due to modiﬁable environmental risks.1
The health impacts of speciﬁc risk factors have tradition-
ally been assessed separately.2,3 A comprehensive account of
the consequences of unhealthy environments that are
modiﬁable outlines the full potential of disease prevention
that can be achieved by reconsidering the way we shape our
environment. Since the last assessment 10 years ago,1 con-
siderable more evidence has become available which justiﬁes
an updated assessment. We present here the methods and
results of a new study which updates the previous analysis,
by compiling the most recent synthesized and other key
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evidence on each disease and injury and their links to the
environment.4 We present environmental burden of disease
both in terms of environment-attributable mortality and
DALYs, a weighted measure of death and disability.
The aim of the study is to quantify the links between
disease or injury and environmental risks using CRAs and
alternative methods and to derive an estimate of the environ-
mental disease burden, overall, by region and country. For
policy relevance, we deliberately focus on those risks which
could be prevented or reduced by feasible interventions which
modify the environment. The assessment was completed by a
review of effective interventions for each of the investigated
diseases.
Methods
Deﬁning the environment in the context of public
health
Environmental health has been deﬁned as that part of public
health that addresses all the physical, chemical and biological
determinants of health external to a person, and all the
related factors impacting behaviours.5 Included under envir-
onment for the purpose of this study are exposure to pollu-
tion and chemicals (e.g. air, water, soil, products), physical
exposures (e.g. noise, radiation), the built environment (e.g.
housing, land-use, infrastructure), other anthropogenic
changes (e.g. climate change, vector breeding places), related
behaviours and the work environment. Excluded are life
style factors and behaviours which have no or only minor
relations with the physical environment such as diet, tobacco
or alcohol consumption, environments which cannot reason-
ably be modiﬁed (e.g. wetlands, pollen), or social conditions
and unemployment. These risks are further detailed
in Supplementary File (A1). The focus is placed on disease
which can be prevented, either with almost immediate effect,
or with longer term transformations.
Systematic literature review
For each of the 133 disease and injury groups,2 we searched
the literature systematically using Pubmed and Google
Scholar for population health impacts from environmental
risks and effects of interventions addressing those risks. The
search strategy included a range of different MeSH (Medical
Subject Headings) terms and keywords on each of the dis-
eases or injuries, combined with terms for ‘environment’,
‘occupation’, relevant environmental risks and any of the
occupational groups at risk, starting from the year 2004 until
2014. Older literature was taken from the earlier study1
and major projects of risk assessments were reviewed.
Furthermore, the literature and data repositories were
screened for documented and publicly available data and
information on population health impacts, effects of interven-
tions, exposure-response relationships, transmission pathways
and causality. Global estimates of population impacts
from environmental risks were completed with national or
regional estimates, results of systematic reviews and meta-
analyses on disease reduction from interventions or on
environmental determinants; and ﬁnally by individual studies
on interventions and environmental determinants. The focus
on evidence of interventions underlines risk reductions that
are already feasible, whereas other risk reductions may not
yet be feasible or performed at large scale. Only risk factors
with an established link of causality to health were further
considered.
Estimation of the population attributable fraction
The population attributable fraction (PAF) of a risk factor is
the proportional reduction in population death or disease
that would occur if exposure to this factor was removed or
reduced to an achievable, alternative (or counterfactual)
exposure distribution.6 To calculate the PAF of a risk factor
to a disease, the following information is needed: (i) the
exposure distribution to the risk factor within the population
of interest, (ii) the relative risk (RR) linking each level of
exposure to the speciﬁc disease or injury, and (iii) an alterna-
tive (counterfactual) exposure distribution to which environ-
mental risks could be reduced. The counterfactual exposure
distributions were based either on evidence from interven-
tions, removal of pathways which have been eliminated else-
where, or exposures achieved in some populations or areas.
According to the results of the systematic literature review
(see above), four different approaches were used to estimate
the fraction of diseases attributable to environmental risks in
the following order of priority: (i) CRAs, which generally
provide estimates based on the highest levels of evidence
and most comprehensive data,7–10 (ii) estimates based on
more limited exposure information and/or exposure-risk
relationships, (iii) diseases with a transmission pathway
dependent on speciﬁc modiﬁable environmental conditions
were fully attributed to the environment (such as intestinal
nematode infections which require contamination of the
environment by human excreta), and (iv) expert surveys.
Estimation of burden of disease attributable to the
environment
In priority, we used systematic global estimates of population
impacts from environmental risks (CRA type of assess-
ments).2,11–13 These assessments are systematic evaluations
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of changes in population health resulting from modifying
the population distribution of exposure from the current
situation as compared to an alternative exposure, in combin-
ation with corresponding exposure-risk relationships. In
these assessments, exposure is assessed for country popula-
tions as much as possible, the extrapolability of exposure-
response relationship screened. CRA type of assessments are
the method of choice and represent the highest level of evi-
dence for environmental health conditions with a clear,
established link between exposure and health outcome, such
as exposure to air pollution or inadequate water and sanita-
tion, chemicals or radiation. However, often available data is
too limited to perform CRA type of assessments such as for
insect vectors of diseases or rodent reservoirs of zoonoses
which are more difﬁcult to measure or which show a level
of variation that is hard to translate in a disease burden, and
alternative methods as speciﬁed below needed to be used.
Information on estimating disease burden from a combin-
ation of different risks is given in Supplementary File (A2).
When sufﬁcient exposure distributions, or exposure-risk
estimates or other important information was missing to
perform CRA type of assessments, estimates based on more
limited epidemiological data were performed, such as for
HIV/AIDS, Hepatitis B, other sexually transmitted diseases,
suicide and underweight.
Additional information can be found in the full WHO
report on this work.4 For several diseases, approximate epi-
demiological estimations were also used to support expert
opinion (e.g. unintentional injuries from ﬁres).
Certain infectious diseases are solely transmitted through
pathways which depend on speciﬁc modiﬁable environmen-
tal conditions, such as intestinal nematode infections which
require contamination of the environment by human excreta.
These diseases were fully attributed to the environment on
the basis of their transmission pathway.
When estimates of population impacts from environmen-
tal risks were not available or could not be developed in the
framework of this study, experts were asked to provide a
best estimate of the fraction of the speciﬁc disease of the
global population attributable to the reasonably modiﬁable
environment, as well as the 95% conﬁdence interval (CI).
Experts were selected on the basis of their publications in
the area of the disease or the relevant environmental risk
factor. They were provided with abstracts of search results
of the systematic reviews described earlier, as well as an ini-
tial estimate that was based on pooled estimates from the lit-
erature. Three or more experts were chosen for each disease
or injury. More information on generating PAFs and conﬁ-
dence intervals from the experts’ replies is given
in Supplementary File (A3).
Where the body of evidence resulting from the updated
literature review did not substantially differ or was unlikely
to justify a change in experts’ estimation of PAF, the results
of the expert survey of the previous study1 were taken.
To calculate the fraction of disease attributable to a risk
factor for any deﬁned population, compiled or estimated
PAFs were multiplied by the corresponding WHO disease
statistics,2 by disease or injury, country, sex and age group,
and for deaths and DALYs. Equations are listed
in Supplementary File (A4).
Compilation of main intervention areas
The evidence on effectiveness of interventions was further
compiled by disease in order to summarize the main inter-
vention areas.
Results
Results of environment-attributable deaths and disease bur-
den, the attributable fractions, as well as the respective esti-
mation method are listed in Table 1. The environmental
fractions of the burden of selected diseases are shown in
Fig. 1. Out of the 133 diseases or injuries, 101 had signiﬁ-
cant links with the environment, and 92 of them have been
at least partially quantiﬁed. These 92 were grouped in 66
main disease and injury groups. Of these, global CRAs were
available for 20 groups, of which 12 could be exclusively
used for those diseases and eight needed to be completed by
expert opinion. Eight diseases could be assessed (Table 1)
on the basis of more limited epidemiological data, and four
further disease PAFs were based on their transmission path-
ways. The PAFs of the remaining 31 diseases were fully esti-
mated through expert surveys. More than 100 experts
provided more than 250 quantitative replies. In terms of
estimated environmental disease burden (in DALYs), as
much as 56% could be estimated with CRA-type methods
(of which 36% with a combination of risk factors), 40%
were based on expert surveys (of which 8% in the 2015
round), 3% on estimations using more limited data, and 1%
based on transmission pathways (Table 1).
A description of the underlying evidence and region-
speciﬁc results for each disease or injury are detailed in the
report along with compiled effectiveness of environmental
interventions. Based on a summary of the literature review on
interventions, we report a mapping of diseases to main strat-
egies for disease reduction through environmental improve-
ments in Table 2, which are further detailed in the full report.1
Environmental risks contributed 23% (95% CI = 13–34%)
of the global burden measured in deaths, corresponding
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Table 1 Global deaths, disease burden (in DALYs) and fractions attributable to the environment for 2012, and methods used
Disease Deaths (in 2012) DALYs (in 2012) Attributable fraction
(in DALYs) (95% CI)
Estimation method used
Total 12 624 495 596 412 171 22 (13–32)
Infectious and parasitic diseases
Respiratory infections
Lower respiratory infections 566 361 51 752 605 35 (27–41) ae
Upper respiratory infections and otitis 1190 989 751 14 (5–22) d2005
Diarrhoeal diseases 845 810 56 606 914 57 (34–72) af
Intestinal nematode infections
Ascariasis 3297 1 353 195 100 c
Trichuriasis 0 664 771 100 c
Hookworm disease <10 3 211 578 100 c
Parasitic and vector diseases
Malaria 258 702 23 074 449 42 (28–55) d2005
Trachoma 0 298 711 100 c
Schistosomiasis 17 871 3 301 300 82 (71–92) d2015
Chagas disease 4371 295 450 56 (28–80) d2005
Lymphatic ﬁlariasis <10 1 893 574 67 (39–89) d2005
Onchocerciasis 0 59 827 10 (7–13) d2005
Leishmaniasis 12 952 903 053 27 (9–40) d2005
Dengue 27 249 1 369 867 95 (89–100) d2005
HIV/AIDS# 137 985 7 780 321 10 (8–13) b
Sexually transmitted diseases excluding HIV/AIDS# 8 (4–17)
Syphilis 286 17 567 6 (3–14) b
Chlamydia 108 115 567 8 (3–16) b
Gonorrhoea 105 63 588 12 (7–25) b
Trichomoniasis 0 6599 4 (2–6) b
Hepatitis B 2828 111 446 2 (1–4) b
Tuberculosis 166 687 7 688 971 18 (5–40) (b), d2005
Other infectious diseases 160 418 11 463 450 27 (17–37) d2005
Neonatal and nutritional conditions
Neonatal conditions 270 087 25 819 566 11 (2–27) d2005
Childhood underweight 27 291 2 834 186 15 (10–19) b
Noncommunicable diseases
Lung cancer 568 632 13 902 105 36 (17–52) ae
Other cancers 1 097 144 31 047 781 16 (7–41) (a), d2005
Mental, behavioural and neurological disorders
Unipolar depressive disorders 536 8 473 707 12 (5–35) d2015
Bipolar disorder 30 528 985 4 (0–9) d2015
Schizophrenia 839 561 463 4 (1–9) d2015
Alcohol use disorders 17 104 5 121 132 16 (6–38) d2015
Drug use disorders 10 213 1 663 568 11 (2–36) d2015
Anxiety disorders 13 5 479 365 20 (5–42) d2015
Eating disorders 636 158 276 7 (0–20) d2015
Pervasive developmental disorders – 546 443 7 (0–26) d2015
Childhood behavioural disorders – 742 156 12 (3–36) d2015
Idiopathic intellectual disability 106 193 742 6 (1–25) d2015
Alzheimer‘s disease and other dementias 41 936 1 088 036 6 (1–13) d2015
Continued
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to 12.6 million deaths in 2012, and 22% (95% CI = 13–32%)
in DALYs. In children under 5 years, as much as 26%
of deaths and 25% of DALYs are attributable to the
environment.
Global deaths attributable to the environment are domi-
nated by 8.2 million deaths from noncommunicable diseases,
followed by 2.5 million deaths related to infectious, parasitic,
neonatal and nutritional diseases, and 2.0 million deaths
from injuries. The difference is much less important in
terms of disease burden, with 276, 202 and 118 million
DALYs attributable to the environment in noncommunic-
able diseases; infectious, parasitic, neonatal and nutritional
diseases; and injuries, respectively. Whereas there are signiﬁ-
cantly more deaths from noncommunicable diseases,
Table 1 Continued
Disease Deaths (in 2012) DALYs (in 2012) Attributable fraction
(in DALYs) (95% CI)
Estimation method used
Parkinson‘s disease 8293 171 015 7 (2–14) d2015
Epilepsy 30 031 3 023 792 15 (2–30) d2015
Multiple sclerosis 1141 69 729 6 (1–22) d2015
Migraine <10 2 585 608 14 (2–36) d2015
Non-migraine headache – 310 613 17 (2–46) d2015
Other mental, behavioural and neurological conditions 43 297 1 985 121 11 (2–24) d2015
Sense organ diseases
Cataracts – 1 669 157 24 (14–33) af
Deafness – 4 787 242 22 (19–25) ag
Cardiovascular diseases
Rheumatoid arthritis 10 928 934 393 17 (6–30) ag
Hypertensive heart disease 93 652 2 146 830 9 (5–15) ag
Ischaemic heart disease 2 273 811 58 561 915 35 (26–46) ae
Stroke 2 476 553 58 985 984 42 (24–53) ae
Other circulatory diseases 49 291 1 355 822 3 (1–5) ag
Respiratory diseases
Chronic obstructive pulmonary disease 1 193 589 32 280 160 35 (20–48) ae
Asthma 169 449 11 055 150 44 (26–53) (a), d2005
Chronic kidney diseases 27 143 759 826 3 (1–5) ag
Musculoskeletal diseases
Rheumatoid arthritis 6934 217–314 2 (1–4) d2005
Osteoarthritis 829 3 606 529 20 (11–29) d2005
Back and neck pain 158 14 627 733 27 (17–41) ag, d2015
Other musculoskeletal diseases 20 666 4 961 741 15 (6–24) d2005
Congenital anomalies 27 770 2 621 857 5 (1–10) d2005
Unintentional injuries
Road trafﬁc accidents 497 079 31 000 887 39 (23–64) (a), d2005
Unintentional Poisonings 137 339 7 824 627 73 (53–90) (a), d2005
Falls 208 469 12 671 696 30 (15–58) (a), d2005
Fires 199 776 13 665 389 76 (58–91) (a), (b), d2015
Drownings 268 166 16 948 334 73 (43–94) (a), d2005
Other unintentional injuries 393 136 23 133 586 43 (20–74) (a), d2005
Intentional injuries
Suicide 164 394 8 119 700 21 (13–30) b
Interpersonal violence 81 730 5 101 921 16 (3–28) d2005
HIV/AIDS = human immunodeﬁciency virus/acquired immunodeﬁciency syndrome; a: comparative risk assessment type, b: calculation based on limited epi-
demiological data, c: disease transmission pathway, d2015: expert survey 2015, d2005: expert survey 2005; ( ) Estimates available, but completion by expert
survey as main risk-factor disease pair not assessed. e Source: Combination of various risk factors developed for this analysis, WHO, based on references.9,11–13
f Source: WHO.10,11 g Source:13; see disease-speciﬁc sections and Technical Annex of full report for further information.
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infectious, parasitic, neonatal and nutritional diseases and
injuries affect the young to a greater extent and therefore
lead to relatively higher losses of DALYs relative to non-
communicable diseases (Fig. 2).
Figure 2 shows that overall disease burden attributable
to the environment (thick grey line) peaks for the very
young and for adults aged 50–75 years. These two age
groups show important susceptibilities to environmental
conditions. Children are mainly affected by communicable
diseases. For the age group between 50 and 75 years the
contributions of infectious diseases and injuries are still
signiﬁcant, while noncommunicable diseases, in particular
cardiovascular diseases due to ambient and household air
pollution, become very important. Box 1 highlights the
shift from environmental disease burden from communic-
able to noncommunicable diseases between 2002 and
2012.
Age-standardized deaths and DALYs by country are
provided in Tables A1 and A2 of the Supplementary File.
While the highest burden of environment-attributable dis-
ease is still in Sub-Saharan Africa and dominated by infec-
tious, parasitic, neonatal and nutritional disease burden, the
per capita deaths from noncommunicable diseases are now
higher in most other regions of the world. Figure 3 shows
environmentally related deaths per 100 000 population by
gross national income (GNI). The size of the bubbles is
proportional to country population. There is a reduction of
deaths with increasing income up to a GNI of around
25 000. At larger incomes there is no difference in death
rates, with most countries having around 50 deaths per
100 000.
Discussion
What is already known on the topic and what this
study adds
Compared to our estimates for 2002, we see a major shift in
the importance of environmental factors in noncommunic-
able disease aetiology. This is due to (i) the composition of
the global disease burden which is now dominated by non-
communicable diseases,14 (ii) increased evidence on environ-
mental determinants of noncommunicable diseases, and (iii)
growing importance of environmental factors that contribute
to noncommunicable diseases such as air pollution. As the
world population continues to age rapidly, the trend of envir-
onmental risks predominantly affecting noncommunicable
diseases is expected to become more pronounced.
One hundred and one out of 133 diseases and injuries
were at least partially attributable to manageable environ-
mental factors, as compared to 85 out of 102 in the previous
study. In addition, the share of estimates based on the high-
est evidence level, i.e. using CRA type of approaches, has
considerably increased and now reaches 56% (for DALYs),
as compared to less than 10% in the previous study. In these
high-evidence assessments, exposures are being assessed at
country level or higher resolution, such as by age and gender
to the extent possible and where appropriate, and the trans-
ferability of exposure-risk relationships to other population
groups than where assessed are being veriﬁed or adjusted.
This adds to the comprehensiveness and strength of evi-
dence of the previous report.
Nevertheless, our numbers show that environmental fac-
tors continue to contribute to a large disease burden from
Fig.1 Environmental fraction of burden of selected diseases (percentages relate to the environmental share of the respective disease).
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Table 2 Main areas of strategies for disease reduction through environmental improvements
Disease or Injurya Main areas
Infectious and parasitic diseases
Respiratory infections Household fuel use for cooking, heating and lighting, ambient air pollution, second-hand smoke, housing
improvements (to prevent chilling, crowding).
Diarrhoeal diseases Drinking water quality, improved sanitation facilities, recreational water quality, personal and community hygiene,
animal excreta management, agricultural practices, climate change.
Intestinal nematode infections Sanitation facilities and hygiene to prevent contamination of the environment with excreta, safe management of
wastewater for irrigation.
Malaria Environmental modiﬁcation, including drainage, land levelling, ﬁlling depressions, pools and ponds, mosquito proof
drinking water storage; environmental manipulation, including aquatic vegetation management, safe storage of
domestic water, managing peri-domestic waste; reduced contact between humans and disease vectors screening of
houses; livestock distribution.
Trachoma Access to improved sanitation facilities; effective management of human waste; domestic water supplies, ﬂy control,
personal hygiene.
Schistosomiasis Management of human waste, safe drinking water supply, improved irrigation infrastructure and safe irrigation and
other agricultural practices; workers’ protection to avoid contact with contaminated water (such as wearing rubber
boots).
Chagas disease Management of peri-domestic areas (such as ﬁlling cracks in house walls, clearing areas around houses of wood
stacks, maintaining goat corrals and chicken dens clean of organic debris).
Lymphatic ﬁlariasis Modiﬁcation of drainage and wastewater ponds, freshwater collection and irrigation schemes; impact depends on
locally relevant disease vectors.
Onchocerciasis Improved design and operation of water resources development projects (particularly dams).
Leishmaniasis Housing improvements, such as eliminating soil and wall cracks, removal of organic material in the peri-domestic
environment, workers’ personal protection.
Dengue Management of water bodies around the house such as removing standing water from open water containers, urban
infrastructure improvements, and solid waste management.
Japanese encephalitis Irrigation management in rice-growing areas and distribution of farm animals (mainly pigs), personal protection methods.
HIV/AIDS and sexually
transmitted diseases
Programmes to reduce occupational transmission among sex workers and migrant workers such as construction
workers, seasonal agricultural labourers, truck drivers and sailors.
Hepatitis B and C Occupational transmission among sex workers and migrant workers for hepatitis B;accidental needle-stick injuries in
healthcare workers.
Tuberculosis Exposure of miners and other occupational groups to airborne particles such as silica or coal dust, possibly exposure to
household fuel combustion smoke and second-hand smoke. Managing setting-speciﬁc conditions, such as in prisons,
hospitals and refugee camps.
Neonatal and nutritional conditions
Neonatal conditions Household air pollution from fuel combustion, mothers’ exposure to environmental tobacco smoke, poor water and
sanitation in birth settings.
Childhood underweight Provision of adequate water, sanitation and hygiene, adaptive management addressing climate change acting on food
insecurity.
Cancers Household air pollution from fuel combustion, ambient air pollution, second-hand smoke, ionizing radiation,
ultraviolet radiation, exposure to chemicals, exposures at work and in other settings.
Noncommunicable diseases
Neuropsychiatric disorders Occupational stress has been linked to depression and anxiety; posttraumatic stress disorders to disasters such as
ﬂoods, earthquakes, and ﬁres, which could in part be prevented by environmental measures (e.g., ﬂoods by hydraulic
infrastructure or land use patterns, or their mitigation of climate change, the impact of earthquakes and ﬁres through
more adequate buildings); forced resettlements in the context of development projects; drug use and alcohol disorder
to the occupational environment such as working in the entertainment industry; epilepsy to occupational head trauma;
Parkinson’s disease to exposure to chemicals such as pesticides; intellectual disability to childhood exposure to lead
and methylmercury; insomnia to noise and occupational stress; migraine to bright lights, poor air quality and odours.
Exercise and physical activity fostered by supportive environments can reduce depression and anxiety.
Continued
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communicable diseases in many low and middle income
countries. In these countries, environmental risks leading to
infectious diseases especially in children, such as household
air pollution, unsafe drinking-water and poor sanitation and
personal hygiene are still highly prevalent.11,15 Furthermore
the burden from respiratory and intestinal infections in these
countries remains high.14 At the same time they experience
the double burden of communicable and noncommunicable
diseases.
Our results differ from the Global Burden of Disease
Study 2013 (GBD 2013)8 which attributed 12% of global
DALYs and 16% of global mortality to environmental risks,
mainly because we used a broader scope of the deﬁnition of
environment and complementary methods of assessment.
Those risks comprise unsafe water, sanitation and hygiene;
air pollution (ambient particulate matter, ozone and house-
hold air pollution); second-hand smoke; lead and residential
radon exposure; and occupational risks8 (NB: here we do
not count burden attributable to physical inactivity/low
physical activity as also for our analysis we did not quantify
the environmental part of the burden from this risk factor).
Our analysis covers a broader range of environmental risks
adding noise (only included as occupational noise in GBD
2013); various chemicals; risks associated with poor housing,
the recreational environment, water resource management,
land use and the built environment; other community risks;
Table 2 Continued
Disease or Injurya Main areas
Cataracts Protection from ultraviolet radiation, reduction of household air pollution from combustion smoke.
Hearing loss Managing occupational exposure to high noise levels.
Cardiovascular diseases Reducing or eliminating indoor and outdoor air pollution, second-hand smoke, exposure to lead, stressful working
conditions, shift work.
Chronic obstructive pulmonary
disease
Reducing or eliminating household air pollution from combustion smoke, ambient air pollution, exposure to dusts in
the workplace.
Asthma Reducing or eliminating air pollution, second-hand smoke, exposure to indoor mould and dampness, occupational
exposure to allergens.
Musculoskeletal diseases Managing occupational stressors, such as heavy lifting, vibrations, prolonged sitting and poor work postures; need to
carry large quantities of water over signiﬁcant distances for domestic use.
Congenital anomalies Mothers’ exposure to second-hand smoke, chemicals.
Unintentional injuries
Road trafﬁc accidents Design of the roadways (e.g. sidewalks, bicycle lanes, restricted trafﬁc, trafﬁc-calming measures), land-use planning;
trafﬁc intensiﬁcation in development areas with big infrastructure projects.
Unintentional poisonings Safe handling and storage of chemicals, adequate product information, adequate choice of chemicals, workers’
protection (e.g. protective clothing).
Falls Safety of housing and working environment.
Fires, heat and hot substances Safety of cooking, lighting and heating equipment, in particular open ﬁres, unsafe stoves or the use of candles or
kerosene lamps, building ﬁre codes, use of ﬂammable materials in the home, safety of occupational environments and
practices, climate change.
Drownings Safety of water environments (community infrastructure, physical barriers, prevention and rescue services), public
awareness, regulations (e.g. on transportation on waterways), workers’ safety measures, climate change-induced ﬂood
risks.
Other unintentional injuries Protection from animal bites and contact with venomous plants, safety of mechanical equipment (including sports
equipment, agricultural and industrial machinery), safety of off-road transportation, protection from exposure to
ionizing radiation or electric currents.
Intentional injuries
Self-harm Access to toxic chemicals such as pesticides, access to ﬁrearms.
Interpersonal violence Access to ﬁrearms, urban design (e.g. mobility, visibility), workers’ protection.
Related risk factors
Physical inactivity Workplace activity, prolonged sitting at the workplace, travel modes, transport infrastructure and land use patterns
(walkability, urban density, land use diversity), availability of suitable parks and open spaces.
Obesity Factors favouring physical activity.
a Disease groups have been aggregated as compared to Table 1, as several disease subgroups have similar reduction strategies.
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radiation and climate change. Additionally, we consider
more risk-factor disease links. Furthermore, GBD 2013
rated high blood pressure as most important risk factor,
causing alone as much as 19% of global deaths and 8% of
all DALYs.8 Some of this burden can however be attributed
to environmental factors such as air pollution,16,17 arsenic18
and lead exposure,19 occupational risks20 and environmental
noise.21
Limitations of this study
A large part of this analysis is based on surveys of expert
opinion and the uncertainties of such estimates are relatively
large. However, experts were provided with the body of evi-
dence that was identiﬁed during the systematic searches on
the particular disease and its links to the respective environ-
mental risks. We only updated this process when justiﬁed by
a signiﬁcant change in evidence. Further uncertainties relate
to data limitations and assumptions made in e.g. CRA type
of analyses.8,11–13 Also key exposures at younger ages, which
may result in noncommunicable diseases at older ages could
not be adequately captured in this study.
Certain diseases or environmental risk factors were not
included in our analysis, either because there was insufﬁcient
evidence and therefore health effects were not quantiﬁable
(e.g. changed, damaged or depleted ecosystems and expos-
ure to endocrine disrupting substances), or because the risk
factor(s) caused a relatively small disease burden, or is/are
of regional signiﬁcance but do not feature at a global scale.
Environmental risks not readily modiﬁable, e.g. pollen, were
not considered.
Additional conservative approaches have been chosen for
this analysis as compared to the previous one in order to
increase methodological rigour. For example, (a) only the
main environmental risks were quantiﬁed where CRA esti-
mates were available, and (b) the exposures of similar risks
were combined before the estimation of health impacts. The
environmental disease burden measured in DALYs between
2002 and 2012 is not directly comparable as some of the
basic parameters as discounting and age-weighting for
DALY estimation changed during this period.22 Using the
same methods, the change would have been greater, as more
deaths are now due to noncommunicable diseases, which
tend to occur at older ages, and induce fewer years of life
lost (and fewer DALYs).
We have not considered health impacts of social determi-
nants.23 There is, however, a strong link between the
Fig. 2 Environmental disease burden of overall; infectious, parasitic, neonatal and nutritional nutritional; noncommunicable diseases and injuries by age.
Box 1: Trends of the environmental share of
burden of disease by disease group.
• Infectious, parasitic, neonatal and nutritional: PAF from
31% in 2002 to 20% in 2012
• Noncommunicable diseases: PAF from 17% in 2002 to
22% in 2012
• Injuries: PAF from 37% in 2002 to 38% in 2012
• Overall: PAF from 23.3% in 2002 to 22.7% in 2012
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conditions of people’s daily lives and environmental risks to
health. The lower people’s socioeconomic status the more
likely they are to be exposed to environmental risks, such as
chemicals, air pollution and poor housing, water, sanitation
and hygiene. Poor people and communities are therefore
likely to beneﬁt most from environmental interventions as
they are disproportionally affected by adverse environments.24
Policy implications
In principle, and given the methods and deﬁnitions chosen,
the attributable burden here equates what can be prevented
if the risks were removed. While we currently have solutions
for reducing many of the prevailing risks, interventions that
are affordable and that could completely eliminate certain
risks such as ambient air pollution at a larger scale may
require further development. Others, such as use of solid
fuels, could be removed with almost immediate effect if the
necessary means were made available. Yet for exposures
which seem unavoidable in the short term, approaches are
being considered which would require certain transforma-
tions in the way we currently produce and consume.
Important calls for action are coming from two main glo-
bal platforms. One of them was created by the adoption of
the SDGs in September 2015.25 It was signiﬁcant that the
Heads of State gathered at a Special Session of the UN
General Assembly did not agree on another agenda or dec-
laration, but made a pledge to ‘the transformation of our
earth’. Full adherence to the obligations created by this
pledge, even if only moral could result in important
improvements on the reduction of environmental risks. The
Supplementary File (A5, Table A3) gives further information
on SDGs and their links with a healthy environment. The
other is climate change. International efforts to reduce our
carbon footprint (one such example is the recent Paris
Agreement, the ﬁrst global agreement to reduce climate
change26) would lead to innovative interventions with posi-
tive ramiﬁcations to several key environmental factors,
including to air pollution, water, chemicals, among others.
Conclusions
This analysis, which conﬁrms that reducing environmental
exposures can greatly improve our health and is critical for
attaining the SDGs, has been generated considering a large
list of environmental risk factors and risk factor-disease
links. For half of those links, CRA types of assessment were
available basing the results on solid evidence.
In conclusion, our results convey good news as we
included only those environmental exposures that are amen-
able to change, meaning that interventions exist for
Fig. 3 Environmental burden of disease (deaths per 100 000 population, y-axis) by gross national income per capita (x-axis); each bubble represents a coun-
try, bubble size represents population size; BRICS: Brazil, Russia, India, China, South Africa; OECD: Organisation for Economic Co-operation and
Development.
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removing a large part of global disease burden. A prerequis-
ite would be a stronger focus on primary prevention placing
a healthy environment at the centre of such an effort. This
is not a task for ministries of health alone. Tackling environ-
mental risks requires intersectoral collaboration. After nearly
50 years of actively promoting this concept, whether
referred to as intersectoral action, breaking down silos or
the nexus approach, it remains elusive as ever. The state-
ment ‘intersectoral collaboration: loved by all, funded by
no-one’ points to obstacles, mainly vested interests, that have
burdened this approach ever since it was included as part of
the WHO/UNICEF Alma Ata Declaration on Primary
Health Care in 1978. Environmental health, quintessentially
intersectoral, has suffered most from this lack of progress.
There remain a number of health sector-speciﬁc functions
(monitoring, surveillance), but for the actual interventions
the health sector will have to create the enabling environ-
ment for intersectoral action. Investing in environmental
interventions pays off for governments; it reduces the trans-
fer of hidden costs from other sectors to the health sector.
This new report provides the evidence base for intersectoral
action providing the evidence to systematically consider the
integration of measures into all policy areas.
Supplementary data
Supplementary data are available at the Journal of Public
Health online
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Abstract
Background: Diarrhoea and acute lower respiratory infections are leading causes of
childhood morbidity and mortality, which can be prevented by simple low-cost interven-
tions. Integrated strategies can provide additional beneﬁts by addressing multiple health
burdens simultaneously.
Methods: We conducted a community-randomized–controlled trial in 51 rural commun-
ities in Peru to evaluate whether an environmental home-based intervention package,
consisting of improved solid-fuel stoves, kitchen sinks, solar disinfection of drinking
water and hygiene promotion, reduces lower respiratory infections, diarrhoeal disease
and improves growth in children younger than 36 months. The attention control group
received an early child stimulation programme.
Results: We recorded 24 647 child-days of observation from 250 households in the inter-
vention and 253 in the attention control group during 12-month follow-up. Mean diar-
rhoea incidence was 2.8 episodes per child-year in the intervention compared with 3.1
episodes in the control arm. This corresponds to a relative rate of 0.78 [95% conﬁdence
interval (CI): 0.58–1.05] for diarrhoea incidence and an odds ratio of 0.71 (95% CI:
0.47–1.06) for diarrhoea prevalence. No effects on acute lower respiratory infections or
children’s growth rates were observed.
Conclusions: Combined home-based environmental interventions slightly reduced child-
hood diarrhoea, but the conﬁdence interval included unity. Effects on growth and
respiratory outcomes were not observed, despite high user compliance of the interven-
tions. The absent effect on respiratory health might be due to insufﬁcient household air
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quality improvements of the improved stoves and additional time needed to achieve atti-
tudinal and behaviour change when providing composite interventions.
Key words: Community-randomised trial, integrated interventions, household air pollution, household water treat-
ment, improved cook stove, kitchen hygiene, hand-washing
Introduction
Diarrhoea and acute lower respiratory infections (ALRI)
remain leading causes of childhood morbidity and mortal-
ity.1 Unsafe drinking water, poor sanitation, lack of per-
sonal hygiene and poor household air quality are
considered amongst the most important risk factors for
those diseases.2,3
Interventions to improve drinking water, sanitation and
hygiene have been shown consistently to reduce diarrhoeal
disease.4–7 Similarly, the odds for acute respiratory infec-
tions (ARI) were 3.5 times and for pneumonia 78% higher
in children exposed to biomass fuels compared with non-
exposed children.8,9 A randomized–controlled trial provid-
ing improved solid-fuel stoves to rural households in
Guatemala found a rate ratio of 0.84 [95% confidence
interval (CI): 0.63, 1.13] for physician-diagnosed child-
hood pneumonia comparing households in the intervention
to those in the control group which reduced to 0.67 (95%
CI: 0.45, 0.98) after multiple imputation and limited to se-
vere pneumonia.10
Combining potentially synergistic interventions has
been advocated before in the drinking-water and sanitation
sector.11,12 In the presented trial, we combine interventions
to tackle various household-related risks simultaneously.
The interventions for this study were developed using a par-
ticipatory approach during a six-month pilot phase.13,14
We identified and convened main stakeholders and benefi-
ciaries to develop an intervention package that generates
healthy household environments, addresses local beliefs
and cultural views, and has potentially synergistic effects
on household health and livelihoods. Additionally, the
attention control group received an early child stimulation
intervention to reduce bias from the open, i.e. non-blinded,
trial design, which was judged to be especially important
in home-based interventions.4,15
The main objective was to reduce respiratory infections
and diarrhoea and to improve child growth in children less
than 36 months, through an integrated environmental
home-based intervention package (IHIP), comprising im-
proved solid-fuel stoves, kitchen sinks, solar disinfection of
drinking water and hygiene promotion.
Methods
Ethics
The study was approved by the ethical review board of the
Nutritional Research Institute (Instituto de Investigacion
Nutricional, IIN), the cantonal ethical review board of
Basel, Switzerland, Switzerland (Ethikkommission beider
Basel, EKBB), the Cajamarca Regional Health Authority
and the Peruvian National Institute of Health (Instituto
Nacional de Salud, INS: 2-05-70-08-012). It was regis-
tered at a national (INS) and an international trial registry
(ISRCTN: ‘ISRCTN28191222’). Community leaders and
local authorities signed an agreement with the IIN and
Swiss Tropical and Public Health Institute (Swiss TPH)
after screening for eligibility and before randomization.
The principal caregiver of each study child gave written in-
formed consent before study implementation. Sick study
children were evaluated by the study physician or referred
for treatment.
Key Messages
• Combined kitchen–environmental interventions, including an improved solid-fuel stove, a kitchen sink, solar treatment
of drinking water and hygiene promotion, are successfully implemented at the household level. Convenience gains
from improved cooking stoves and kitchen sinks are highly valued by the beneﬁciaries.
• Integrated home-based interventions might have reduced childhood diarrhoea, but failed to impact respiratory infec-
tions and child growth.
• Reasons for the lack of an effect on respiratory health might be due to insufﬁcient reduction of household air pollu-
tion of the improved stoves and duration of follow-up.
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Site and population
The study was conducted from September 2008 to January
2010 in the San Marcos province, located 60 kilometres
south-east of Cajamarca city, in northern Peru. We chose
this area because of its well-separated and accessible com-
munities and because, to our knowledge, no major health
promotion programmes were currently implemented. The
province is located between 2200 and 3900 metres above
sea level. Most of the population are small-scale farmers.
At the time of the study, most people were using an unven-
tilated traditional stove or open fire for cooking and heat-
ing within their homes. About 80% of the population had
a piped-water system with a faucet available in the house-
hold’s yard.
Study design
We implemented a community-randomized–controlled
field trial to evaluate the IHIP interventions on reducing
acute diarrhoeal illness and ARI, and improving child
growth over a 12-month surveillance period. Our primary
sampling units were the communities. Sample size was
calculated for cluster-randomized trials using the approach
of Hayes and Bennett.14 The trial was powered to detect
an incidence rate (IR) reduction of 22% with 80% power
at a 5% level of significance, assuming five episodes
of ARI and five episodes of diarrhoea per child-year of
observation and a coefficient of variation of k¼ 0.2. Fifty-
six communities were identified by a house-to-house
screening. We included only 51 communities, as five
communities were very small, with fewer than four chil-
dren. Three of the five communities were joined to adja-
cent communities and the other two were excluded
because of remoteness. Within the included communities,
one child aged 6–35 months was randomly selected from
each eligible household willing to participate. Eligibility
criteria included use of solid fuels, no public sewage
connection and no intention to move during the study
period. Randomization was performed at the village level.
The 51 communities were randomized using covariate-
based constrained randomization—a procedure that can
balance individual- and group-level covariates in the experi-
mental units, here the communities, in a group-randomized
study.14,15 Randomization, enrolment and baseline data
collection took place between September 2008 and January
2009 (Figure 1). Blinding of the interventions was not
possible. To counteract potential unbalance of dropouts
between study arms and non-blinding bias, an early child
stimulation intervention, which seemed unlikely to have an
impact on child diarrhoea and respiratory infections, was
implemented as attention control. More details on study de-
sign can be found elsewhere.16
Development of interventions
The components of the IHIP interventions were developed
with a participatory approach during a six-month pilot
phase in neighbouring communities not enrolled in the tri-
al.15,16 We identified and convened main stakeholders and
beneficiaries to develop an intervention package that gen-
erates healthy household environments, addresses local be-
liefs and cultural views, and has potentially synergistic
effects on household health and livelihoods. We investi-
gated efficacy and acceptability of the interventions, i.e.
providing the stoves, kitchen sinks and plastic bottles for
solar water treatment, and hygiene education. With the
community members’ involvement, an improved solid-fuel
stove called the ‘OPTIMA-improved stove’ and a kitchen
sink providing piped water within the household’s kitchen
were developed.17 The stoves were built with local mater-
ials to enable self-maintenance and repair. Nine months
after installation, all stoves were revisited and repaired as
needed by the original stove builders. Mothers/caretakers
were also trained in solar drinking-water disinfection
(SODIS) according to standard procedures.18 Mothers
were instructed to wash their own and children’s hands
with soap or detergent after defecation, after changing dia-
pers, before food preparation and before eating.
Additionally, mothers were instructed to separate animals
and their excreta from the kitchen environment. The IHIP
highlights include:
• components: an improved ventilated solid-fuel stove, a
kitchen sink with in-kitchen water connection, a point-
of-use water-quality intervention applying solar disinfec-
tion to drinking water and a hygiene intervention focus-
ing on hand-washing with soap and kitchen hygiene;
• aims: to reduce childhood respiratory infections and
diarrhoea via reduced household air pollution, increased
quality and quantity of drinking water and water used
for hygiene purposes, and improved personal and kit-
chen hygiene;
• development: community engagement in the design and
development of the interventions (namely involvement of
local and regional stakeholders to assure development-,
health- and education-sector engagement in the design
and post-intervention scale-up phases).
More information on stove performance, the microbio-
logical efficacy of SODIS and the qualitative assessment of
perceptions are described elsewhere.16,17,19,20 The inter-
vention in the control communities was based on the
National WawaWasi early child development (ECD)
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programme, which provided psychomotor and cognitive
stimulation in children under four years of age at day-care
centres.21 Together with WawaWasi experts, we adapted
the intervention to be applied at the household level and
trained field staff. Mothers were trained in the use of the
ECD toys and materials and instructed to play with their
children for at least 30minutes every day.
Training of field staff
Four teams, which received extensive specific training, were
responsible for data collection. The field research team col-
lected morbidity data and was trained in interviewing tech-
niques, data recording, identification of signs and symptoms
of child diarrhoea, and ALRI severity symptoms, as well as
measuring respiratory rates. Additionally, the team collected
spot-check observations using a checklist on household hy-
giene and environmental health conditions (e.g. presence of
SODIS bottles on the roof or kitchen). The health promoters
locally hired elementary school teachers, implemented and
promoted the interventions and collected monthly compli-
ance data. The anthropometric team was trained in measur-
ing child weight and height in a standardized way. The
environmental team collected environmental samples to test
for faecal contamination of mothers’ hands, drinking water
and kitchen cloths.
Implementation
The IHIP interventions (improved solid-fuel stoves and kit-
chen sinks) were installed between October 2008 and
January 2009. Households without connection to piped
a
 One community (12 children) declined to participate during enrolment  
b
 Two children without any follow-up data excluded from final analysis  
c Two children without any follow-up data excluded from final analysis 
51 communities randomised  
(25 intervention communities, 26a control communities)
25 control communities 
(267 children) enrolled 
25 intervention communities 
 (267 children) enrolled 
Available at start of follow-up 
253 children 
Available at start of follow-up 
250 children 
Lost to follow-up (20b)
- Withdrawn (9) 
- Migration (5) 
- Other (6) 
251 children included in final analysis 
Of 12 397 potential person-weeks 
follow-up, 9136 (74%) actual person-
weeks follow-up available for analysis 
248 children included in final analysis 
Of 12 250 potential person-weeks 
follow-up, 8862 (71%) actual person-
weeks follow-up available for analysis 
Lost to follow-up (20c)
- Withdrawn (8) 
- Migration (7) 
- Died (3) 
- Other (2) 
17 children were not available 
when starting follow-up: 
- Plans for moving (8) 
- Rejected (6) 
- Other (3)
14 children were not available 
when starting follow-up: 
- Plans for moving (9) 
- Rejected (4) 
- Other (1)
Figure 1. Flow of participants.
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water were connected during sink installation. SODIS and
personal, child and kitchen hygiene were reinforced
monthly during 12-month follow-up. Each child in the
control group received six sets of toys approximately every
two months, depending on the child’s progress and
age.16,17 The promotion of the interventions was done
with the same intensity in both groups.
Data collection
Follow-up took place from February 2009 to January
2010. Field workers visited each household weekly and
collected morbidity data from the mother/caretaker on
daily signs and symptoms of child diarrhoea and respira-
tory illness. If diarrhoea was observed, additional informa-
tion on severity was collected (sunken eyes, dry mouth,
tongue and mucous membranes and thirstiness). If a child
had cough or fever on the day of the household visit or the
previous day, we looked for danger signs22 to assess the se-
verity of the respiratory illness by recording noisy and/or
fast breathing, rhonchus/wheezing, lower chest in-draw,
malaise and lack of appetite. If any of the severity signs
were present, the child was examined and treated by our
study physician on the same day or referred to local health-
care services. Specific questions determined the child’s
health at the moment of the weekly home visit, including
seeking outpatient care, hospitalization and type of med-
ical treatment.
Height and weight were collected every two months. In
deviation to the original protocol, height and weight meas-
urements were done only once per visit instead of repeating
the measurements three times. Environmental samples
from the mother’s hands, kitchen cloths and drinking
water were collected at baseline, mid-term and end of the
surveillance period.23 However, we did not collect data on
breastfeeding or child-feeding practices as potential con-
founders of diarrhoea and anthropometric outcomes.
Outcome measurements
Diarrhoea was defined as three or more liquid or semi-
liquid stools in a 24-hour period or one stool with blood
and/or mucus.24 An episode was defined to begin on the
first day of diarrhoea and ended the last day of diarrhoea,
followed with at least two consecutive non-diarrhoeal
days.
ARI was defined as a child presenting cough and/or dif-
ficulty breathing. ALRI was defined as a child presenting
cough or difficulty breathing, with a raised respiratory rate
(>50 per min in children aged 6–11 months and >40 per
min in children aged 12 months) on two consecutive
measurements.22,25 An episode was defined to begin on the
first day of cough or difficulty breathing and ended with
the last day of the same combination, followed by at least
seven days without those symptoms.25
Stunting, wasting and underweight as defined by the
World Health Organization (WHO) were used to evaluate
child nutritional status.26
Statistical analysis
We applied an intention-to-treat analysis comparing inci-
dence rate of diarrhoea and respiratory infection per child-
year in intervention vs control communities. Longitudinal
prevalence (LP) was calculated as the number of illness
days per days under observation. All children with at least
one day of follow-up were included in the analysis.
Generalized estimating equation (GEE) models were fitted
to adjust for correlation within villages.27 The unadjusted
model included only the design factors and the intervention
effect. Further models adjusted for child’s age and sex. No
imputation of missing data has been performed.
The statistical models included the log link function for
negative binomial (relative rate RR) and logit for binomial
distributed data (odds ratio OR). The logarithm of days
under observation was included as offset variable in the
count models. The statistical analyses were performed
using SAS software v9.3 (PROC GENMOD, SAS Institute
Inc.). Data management, cleaning and descriptive analysis
were done using R V3.0.0 (R development core team). The
coefficient of variation (k) and the 95% credible interval
were estimated via Bayesian generalized random effects
models using WinBUGS 1.4.
Results
Of the 51 communities, 25 communities (267 households)
were randomized to the intervention and 26 (267 house-
holds) to the control arm (Figure 1). One community in the
control group declined to participate. Further details on
participant flow before start of follow-up are described
elsewhere.16 The final analysis included 248 children
from intervention and 251 children from control commun-
ities. Information on morbidity was collected for about
18 000 person-weeks, representing 71% and 74% of the
total possible observation time in intervention and control
arms.
Baseline characteristics were balanced between study
arms with the exception of access to piped water (Table 1).
Both study groups were ‘poor’ according to national stand-
ards (Table 1).28 Despite the high coverage of piped-water
supply (80%), about 65% of drinking-water samples were
contaminated with Escherichia coli and 10% of these
were faecally contaminated with diarrhoeagenic E. coli.23
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Further socio-demographic, household and environmental
baseline context is also described elsewhere.16
Diarrhoea morbidity
Children in the intervention arm reported a total of 301
diarrhoea episodes, which corresponds to a mean of 1.8
episodes per child-year. In the control arm, 375 episodes
and a mean of 2.2 episodes per child-year occurred. The
mean episode length of 2.8 days was shorter in the inter-
vention arm compared with 3.1 days in the control arm
(Table 2). The statistical analysis estimated that children
in the intervention communities had 22% fewer diarrhoea
episodes per year compared with children in control com-
munities [RR: 0.78, 95% CI: 0.58–1.05, p ¼ 0.10]. A
similar result was found for the LP of diarrhoea, with an
OR of 0.71 (95% CI: 0.47–1.06, p ¼ 0.09) (Table 3). The
clustering coefficient k was 0.39 (95% confidence inter-
val: 0.25–0.57). The prevalence of child diarrhoea indi-
cated no evident temporal effect throughout the follow-up
period (Figure 2). To confirm that findings were not sensi-
tive to the choice of covariates, we reanalysed including
piped water and/or latrine ownership in the model. None
of the models yielded major changes in the point estimates
or confidence intervals.
Respiratory infections
The total number of ARI episodes was 831 in the intervention
group and 877 in the control group (Table 2). Out of these, we
achieved 68% and 63% of respiratory rate measurements
in the intervention and control groups, respectively, corres-
ponding to 554 and 563 ARI episodes with respiratory rate as-
sessment. In about 50% of ARI episodes, the child had already
received medical treatment before respiratory rate assessment.
The total numbers of ALRI episodes were 25 in the interven-
tion and 10 in the control group (Table 2). The RR for
ARI episodes was 0.95 (0.39, 1.65; p-value 0.53) and 2.45
(95% CI: 0.82 to 7.39; p-value 0.11) for ALRI. The ORs asso-
ciated with cough or difficulty breathing prevalence, and cough
or difficulty breathing and fever prevalence were close to 1
(Table 3). Prevalences over time are illustrated in Figure 3.
Anthropometric measurements
At baseline, children of both study arms had similar frequen-
cies of stunting (median of –2.2 and –2.0 z-scores below
average WHO growth standards in intervention and control
arm) and underweight (median –0.8 and –0.7). At the end of
follow-up, no difference was observed between intervention
and control children for height-for-age (–2.1 and –1.9 z-
score, respectively) or weight-for-age (–0.6 and –0.7,
respectively).
Table 1. Demographics and socio-economic characteristics of 503 households in rural Peru
Characteristics Intervention arm Control arm
Number Mean (SD) or % Number Mean (SD) or %
Demography
Number of household members 226 5.0 (1.6) 234 4.6 (1.5)
Age in years of enrolled children 250 2.1 (0.7) 253 2.1 (0.7)
Female children 250 50% 253 50%
National poverty indicatorsa
1 unsatisﬁed basic need 224 17% 231 23%
2 unsatisﬁed basic need 224 25% 231 28%
3 unsatisﬁed basic need 224 40% 231 35%
4 unsatisﬁed basic need 224 14% 231 10%
Household characteristics
Household with latrines 245 80% 239 84%
Piped-water supply 245 74% 239 82%
Microbiological indicatorsb
Drinking water 88 68% 94 64%
Kitchen wipes 56 34% 35 25%
Mother’s hands 95 27% 109 22%
Anthropometrics
Height-for-age Z-scores [median (IQR)] 196 –2.2 (–2.7, –1.4) 194 –2.0 (–2.5, –1.4)
Weight-for-age Z-scores [median (IQR)] 201 –0.8 (–1.2, –0.2) 202 –0.7 (–1.2, –0.1)
aThe National Poverty Indicators comprise ﬁve basic parameters: (i) inappropriate infrastructure; (ii) crowding; (iii) lack of access to basic sanitation; (iv) hav-
ing at least one child of school age not attending school; and (v) family head with at least three dependents with incomplete primary-level education. A household
is considered ‘poor’ if they have one unsatisﬁed basic need.27
bE. coli-positive samples.
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Microbiological samples
A total of 1994 samples of drinking water, kitchen
cloths and mothers’ hands were collected throughout
the study. We observed an E. coli geometric mean of
CFU/100 ml of 9 (CI 95% 3.6–22.4) for drinking-
water samples at baseline, 6.1 (CI 95% 0.7–48.2) at
mid-study and 2.9 (CI 95% 1.9–4.5) at end-of-study evalu-
ations in the intervention households. A similar decline in
the E. coli geometric mean was observed for control
households.
Table 2. Descriptive statistics of main diarrhoeal and respiratory health outcomes and anthropometric measurements
Health conditions Class or parameter Intervention (N ¼ 248) Control (N ¼ 251)
Days under observation Median (IQR) 265 (225–293) 276 (235–297)
Days under observation Total 62 031 63 952
Diarrhoeal illness
Number of episodes Median (IQR) 1 (0–2) 1 (0–2)
Days with diarrhoea Median (IQR) 2 (0–4) 2 (0–6)
Total number of days with diarrhoea Total 827 1125
Total number of episodes Total 301 375
Total number of persistent episodes (>14 days’ duration) Total 0 4
Mean length of episode (days) 2.8 3.1
Diarrhoea incidence (number of episodes/child-year) Mean 1.8 2.2
Diarrhoea prevalence (number of diarrhoeal days/child-year) Mean 4.9 6.6
Number of diarrhoeal episodes with blood Total 17 24
Number of diarrhoeal episodes with vomiting Total 51 54
Respiratory infections
Days with cough or difﬁculties breathing Median (IQR) 17 (8–25) 14 (8–26)
Total number of days with cough or difﬁculties breathing Total 4534 4635
Total number of days with cough or difﬁculties breathing and fever Total 951 1034
Total number of ARI episodes Total 831 877
Percentage of ARI episodes seen with respiratory rate measurements % 68% (554) 63% (563)
Total number of ALRI episodes Total 25/554a 10/563b
Number of children with at least one ALRI episode Total 17 10
Anthropometrics
Height-for-age Z-scores [median (IQR)] Median (IQR) –2.1 (–2.7/–1.3) –1.9 (–2.5/–1.4)
Weight-for-age Z-scores [median (IQR)] Median (IQR) –0.6 (–1.1/–0.2) –0.7 (–1.2/–0.2)
ARI, acute respiratory infections; ALRI, acute lower respiratory infections.
aIn 255/554 episodes, the mother started medical treatment before the ﬁeld worker assessed the respiratory rate.
bIn 218/563 episodes, the mother started medical treatment before the ﬁeld worker assessed the respiratory rate.
Table 3. Effect of the intervention on diarrhoea and acute respiratory infections
Outcome Crude modela Age sex modelb
(n ¼ 499) RR/OR 95% CI p-value RR/OR 95% CI p-value
Number of diarrhoea episodesc (RR) 0.78 0.58, 1.05 0.10 0.79 0.60, 1.03 0.09
Diarrhoea prevalence (OR) 0.71 0.47, 1.06 0.09 0.72 0.49, 1.05 0.09
Episodes with blood (OR) 0.80 0.39, 1.65 0.55 0.80 0.39, 1.65 0.54
Number of ARI episodes (RR) 0.95 0.82, 1.10 0.53 0.95 0.82, 1.10 0.51
Number of ALRI episodes (RR) 2.45 0.82, 7.39 0.11 2.47 0.84, 7.29 0.10
Cough or difﬁculty breathing prevalence (OR) 0.97 0.79, 1.19 0.80 0.97 0.79, 1.19 0.79
Cough or difﬁculty breathing and fever prevalence (OR) 0.89 0.71, 1.12 0.33 0.89 0.71, 1.12 0.33
Number of episodes: number of episodes per child-year; prevalence: number of days ill per days under observation; ARI, acute respiratory infections; ALRI,
acute lower respiratory infections.
aAdjusted for design factor (intra-village correlation).
bAdjusted for child’s age and sex and design factor (intra-village correlation).
cClustering coefﬁcient k¼ 0.39.
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Compliance
Indicators and methods of measuring compliance in this
trial are detailed in the Supplementary data, available at
IJE online. Field workers that carried out weekly spot-
check observations of compliance observed an initial
prevalence of SODIS use of 60% with a steady decline
throughout follow-up. At study end, SODIS was only prac-
tised by 10% of the IHIP intervention group. Self-reported
use by mothers was around 90%, with a slight decrease at
study end. Compliance of the improved-stove and kitchen-
sink use is based on monthly maternal reporting. Ninety
per cent of all mothers reported using the improved stove
daily and two-thirds reported using the kitchen sink for
washing utensils and children’s hands daily. Lack of con-
tinuous water flow (based on seasonal water availability)
and interrupted water supply were two limitations for use.
Discussion
Our community-randomized–controlled trial in 51 rural
Peruvian communities consisting of improved solid-fuel
stoves, kitchen sinks, hygiene promotion and SODIS treat-
ment might have reduced child diarrhoea episodes by 22%
(RR 0.78, 95% CI: 0.49–1.05) and diarrhoea prevalence
by 29% (OR 0.71, 95%, CI: 0.47, 1.06). Although the
confidence intervals included unity, the observed effect is
consistent with lower numbers of persistent diarrhoea,
bloody stool episodes, shorter duration of illness (Table 2)
and episodes requiring treatment in the intervention arm
(data not shown). Objective environmental indicators such
as faecal contamination of drinking water also corroborate
the observed diarrhoea reduction. No effects on children’s
ARI, ALRI and growth were found.
We combined different interventions that individually
impact childhood diarrhoea: piped water delivered to the
household’s kitchen, household drinking-water treatment
and hygiene education. A recent systematic review of
drinking-water and sanitation improvements found diar-
rhoea risk reductions when basic piped water to the house-
hold or premise was introduced on a formerly improved
community water source.4 Supplying reliable drinking
water directly to the household’s kitchen increases water
availability and is thereby a prerequisite for hygienic
practices.29 Water availability and distance to the water
source were shown to be associated with reduced diar-
rhoea risk.30–32
The mentioned review found additional diarrhoea re-
ductions for SODIS treatment on top of piped water to the
household but there was no effect of this intervention on
any baseline water source when results were adjusted for
non-blinding.4 Different blinded household-level drinking-
water quality studies showed no effect on diarrhoeal dis-
ease reduction.33–35
Also, the effect of hygiene promotion was thought to be
susceptible to bias from unblinded designs.5 Non-blinding
in intervention studies with subjective outcomes, like care-
giver’s report of diarrhoea, was associated with significant
overestimation of the intervention effect.35,36 To counter-
act this bias, we implemented a different intervention in
the control group. The baseline water source might further
explain the different findings of previously published
SODIS intervention studies that showed larger impacts of
SODIS on diarrhoeal disease—they were all conducted on
unimproved or improved community water sources37–44
whereas, in our intervention, 80% of study participants al-
ready received piped water within their premises or yards.
Additionally, at the end of follow-up, only 10% of study
Figure 2. Diarrhoea prevalence over time. Presented are unweighted
moving averages using a bandwidth of two weeks.
Figure 3. Cough or difﬁculty breathing prevalence and cough or difﬁ-
culty breathing and fever prevalence over time. Presented are un-
weighted moving averages using a bandwidth of two weeks.
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households were using SODIS. Low compliance in SODIS
interventions has been described before despite extensive
promotion campaigns.45 Our interventions did not lead to
the provision of high-quality drinking water that has been
associated with larger diarrhoea reductions.4 Additionally,
having focused even more on babies, hand-washing at key
times and the creation of clean playing and feeding environ-
ments could have led to increased diarrhoea reduction.46
Furthermore, the ECD intervention that we implemented in
the attention control group is likely to have positively influ-
enced playing and feeding environments and might therefore
have attenuated the intervention effect. We nevertheless
judged a control intervention to be highly important to pre-
vent increased drop-out in the control group and reporting
bias from the non-blinded design. Additionally, the area
had received hand-washing promotion through local health
centres before; therefore, there was a general understanding
of appropriate hand-washing practices in both the interven-
tion and the control groups. Finally, our study was
sufficiently powered to detect a 22% reduction in diarrhoea
episodes assuming five episodes per person-year of observa-
tion. However, we observed a mean of two diarrhoea
episodes.
We did not observe a reduction in ARI and ALRI epi-
sodes. Potential reasons are: (i) insufficient power to detect
reduction in ARI and especially ALRI, of which only a few
cases were observed; (ii) the improved stove substantially
lowered air pollution,18,19,47 but not to levels recom-
mended by the WHO (indoor air quality guidelines were
not available at the time of the study)48; (c) limitations of
timely respiratory rate assessment, as we examined chil-
dren only once per week; and (d) limitations to clinically
diagnose ALRI.
The RESPIRE study, the first randomized–controlled
trial on improved solid-fuel stoves, suggested a mean CO
exposure reduction of 50% to achieve impact on
physician-diagnosed pneumonia.10 In our study, we found
only small reductions of CO and PM2.5 pollutants that
were more pronounced in better-maintained stoves. We
measured exposure data only once and seven months after
stove implementation.18,19,47 The best-functioning stoves
achieved a 45% and 27% mean reduction of PM2.5 and
CO, respectively, in mothers’ personal exposure.19 It is
possible that, after the introduction of the stoves, study
participants spent more time in the then less-smoky kit-
chens, which led to increased total exposure to air pollu-
tants. Project-initiated repairs were carried out nine
months after the stoves had been installed. At this point,
35% of our stoves needed minor repairs, e.g. re-plastering,
and 1% needed major repairs, e.g. a broken chimney valve.
Two years after the end of the study, an evaluation showed
that around 85% of the Optima-improved cooking stoves
were still in use (defined as at least five times a week, twice
a day).
A further limitation was the monitoring frequency for
ARI and ALRI. Respiratory rate measurements were only
available for about two-thirds of all reported ARI episodes.
In addition, in 40% of the remaining ARI episodes, the
child had already attended a health centre and/or received
treatment at the time of the household visit. Therefore, the
true ALRI incidence is likely higher, but this should be bal-
anced between intervention and control communities.
Hence, the observed 25 and 10 ALRI episodes in the inter-
vention and control arm should be interpreted with cau-
tion considering also that, of the 25 observed episodes in
the intervention arm, almost one-third were recorded in a
single very sick child. Additionally, a more objective way
of defining ALRI, e.g. through chest x-rays, could have
produced more correct estimates24 but would have added
substantially to costs and training requirements, which
was not feasible for this study.
We could not blind the application of our interventions.
Open trial designs can, however, benefit from and harness
the community dynamics generating interest and motiv-
ation for a demand-driven replication. Furthermore, we
believe that the selection of a highly valued intervention in
the control arm (early child stimulation) reduced non-
blinding/reporting bias and drop-out rates. Additionally,
we used standardized data-collection tools and independ-
ent morbidity data-collection teams to minimize social de-
sirability bias.
In conclusion, our intervention is one of the first studies
to focus on addressing several household burdens simul-
taneously. Improved drinking-water quality and quantity,
personal and kitchen hygiene and indoor air quality pro-
vide a healthy household environment that can translate
into many aspects of life, including better health and pov-
erty reduction. Even though we found no strong evidence
for health impacts, the IHIP could be successfully delivered
and was highly accepted.
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Abstract: This study examined measures of clean cookstove adoption after improved solid fuel stove
programmes in three geographically and culturally diverse rural Andean settings and explored
factors associated with these measures. A questionnaire was administered to 1200 households
on stove use and cooking behaviours including previously deﬁned factors associated with clean
cookstove adoption. Logistic multivariable regressions with 16 pre-speciﬁed explanatory variables
were performed for three outcomes; (1) daily improved solid fuel stove use, (2) use of liqueﬁed
petroleum gas stove and (3) traditional stove displacement. Eighty-seven percent of households
reported daily improved solid fuel stove use, 51% liqueﬁed petroleum gas stove use and 66% no
longer used the traditional cookstove. Variables associated with one or more of the three outcomes
are: education, age and civil status of the reporting female, household wealth and size, region,
encounters of problems with the improved solid fuel stove, knowledge of somebody able to build
an improved solid fuel stove, whether stove parts are obtainable in the community, and subsidy
schemes. We conclude that to be successful, improved solid fuel stove programmes need to consider
(1) existing household characteristics, (2) the household’s need for ready access to maintenance and
repair, and (3) improved knowledge at the community level.
Keywords: clean cookstoves; adoption; stove stacking; Peru; household air pollution; improved solid
fuel stove; liqueﬁed petroleum gas
1. Introduction
Nearly three billion people continue to use solid fuels for cooking, heating and lighting [1].
Exposure to solid fuel smoke often through the use of traditional cookstoves (“traditional cookstove”
includes open indoor ﬁre in this article) is associated with adverse health impacts like respiratory
infections [2,3], ischemic heart disease [4], stroke [5], lung cancer [6], and cataract formation [5,7].
Household air pollution was ranked the eighth leading health risk factor and was associated with
nearly three million deaths in 2015 [8]. The use of traditional cookstoves has furthermore been
shown to lead to negative social and environmental impacts through excess time and money spent [9],
contribution to outdoor air pollution [10,11], deforestation and climate change [12].
To mitigate the negative impacts of burning solid fuels for cooking, efforts to promote the
adoption of clean cookstoves are undertaken. The Global Alliance for Clean Cookstoves was created
to foster household adoption of clean cookstoves and fuels [13]. Additionally, one of the Sustainable
i bli l h d / h d / l/ h
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Development Goals calls for access to affordable, reliable, sustainable and modern energy for all [14].
However, programmes promoting clean cookstoves frequently experienced problems; households did
not sufﬁciently or sustainably use the new stove, nor did maintain or repair it when broken [15,16].
Near-exclusive use of clean cookstoves is essential to sufﬁciently reduce air pollution levels to achieve
positive health impacts [17,18]. Often, however, clean cookstoves are just added to the traditional
stoves leading to a parallel use of cooking devices (“stove stacking”) [19].
Research on clean cookstove adoption has discovered enablers and barriers for clean cookstove
adoption. Puzzolo et al. [20] identiﬁed factors related to the cooking technology, the household,
community, programme and societal level. A Chinese literature review identiﬁed stove design,
knowledge and awareness, household characteristics, market development, ﬁnancial support and
favourable policies as important enablers for clean cookstove and fuel adoption [21]. Household
wealth and education, demographics, stove programme characteristics, and costs were described as
important factors across settings [22–26].
Evaluation of promotion programmes needs to assess whether households use and value the new
stove. An additional important measure is the displacement of traditional stoves when clean cookstoves
are introduced [17]. Knowledge of enabling and hindering factors is essential for programme monitoring
and future efforts. Here we present results from 1200 questionnaires administered to rural Andean
households that had previously taken part in an improved solid fuel stove (IS) promotion programme.
The objectives of this study were to explore adoption and displacement of different stove types as well as
associated factors in diverse rural Andean regions where the use of solid fuels is widespread.
2. Materials and Methods
2.1. Study Settings
The study was conducted between February and November 2014 in three rural Andean Peruvian
regions: Cajamarca, Cuzco and La Libertad. In rural Peru, wood is the most important cooking fuel
and is exclusively used by over 40% of households. Many more use wood in combination with other
solid or with clean fuels such as liqueﬁed petroleum gas (LPG). LPG is used exclusively by only
5% of the rural population [27]. The study sites were selected purposively because of (i) large IS
promotion programmes which had been conducted within the last 15 years, (ii) geographical and
cultural differences between the regions, (iii) knowledge of the study sites and availability of data
on e.g., the number of households exposed to IS promotion programmes, and (iv) a sufﬁciently high
number of households in the communities. More information on the study sites can be found in the
Supplementary Material (Text S1).
2.2. Sampling, Inclusion Criteria and Selection of Households
For the study site selection we identified the number of IS promotion programmes in the province,
districts and communities of the area from local non-governmental organisations (NGOs), municipal and
community authorities. We then sampled households from available census lists from all communities
in the study sites. A household was considered eligible for the study (i) if it had previously taken part
in an IS promotion programme of a governmental, non-governmental or research institution, (ii) if it
used biomass (wood, carbon, dung, etc.) for cooking (alone or in combination), (iii) if it spoke Spanish
as first language, and (iv) if its household head was at least 18 years old. From all eligible households,
a convenience sample was drawn; households in a distance perimeter of a one hour car’s drive from
the community centre and accessible within a maximum of 20 min walk from a main road were visited.
Only households willing to participate were interviewed. Data collection on stove use and potentially
explanatory variables was performed as described in the section below.
2.3. Study Design and Data Collection
The questionnaire for this cross-sectional study was informed by recent literature on indices of
clean cookstove adoption [28] and their enablers and barriers [20–26]. The questionnaire was pre-tested
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by our ﬁeld staff before the start of the study. Where there were doubts about the comprehensibility
of questions or related answers, changes were applied immediately and re-checked. After having
completed pre-testing, we piloted the questionnaire in 20 households in San Marcos, Cajamarca.
Additional modiﬁcations were made as needed. The ﬁnal questionnaire took approximately two hours
to complete. It included both open and closed questions and was written in Spanish. The main topics
included clean cookstove adoption, i.e., questions on cooking behaviours, types of cookstoves present
in the household, patterns of cookstove use, cleaning, maintenance and repair, willingness to pay
for an IS or its parts and ﬁeldworker observations and demographic, socio-economic and livelihood
variables. All interviewers received at least three days of speciﬁc training on the questionnaire and
performed practice interviews before commencing the study. A questionnaire-based interview was
conducted with the female household head and ﬁeld supervisors reviewed each questionnaire after
completion for errors or missing values. More information on the questionnaire can be obtained from
the corresponding author.
We also conducted a total of 25 focus group discussions (FGDs) in the three regions to explore,
for example, general perceptions of the different stoves and barriers and enablers for their adoption.
Results of FGDs will be presented elsewhere.
2.4. Data Analysis
We used multivariable logistic regression models to examine three outcomes of interest: (a) reported
daily IS use, (b) reported LPG stove use, and (c) reported displacement of the traditional stove (i.e.,
the traditional cookstove was no longer used). Sixteen independent variables were chosen a priori to
be included in the regression models. These variables were chosen based on a review of the literature
and included (i) demographics and household variables (region, age, education and civil status of
reporting female, household size, household wealth index, land ownership (where the house is built)),
(ii) knowledge and awareness variables (education and internet use), (iii) price and costing variables
(household wealth index, firewood needs to be bought, stove programme, taking part in national gas
programme), (iv) stove design variables (stove programme, problems with IS), variables describing
the supply chain, the clean cookstove market and an enabling environment (knowledge of somebody
who can build an IS, IS parts can be obtained in the community, local authorities/leaders support IS
use, taking part in the national gas programme). Variables, their categorisation and missing values are
listed in Table S1. Education was categorised as zero years, one to six years—which corresponds to
primary school—and above six years of schooling. All 16 explanatory variables were included in all three
regression models independent of their p-value or the effect on the estimate of one of the other variables.
Effect estimates presented in this paper are therefore adjusted for all other variables in the model.
Complete information was available for 87% of all participating households, i.e., for 13% of
households there was at least one of the independent variables for logistic regression analyses missing
(Table S1). Multiple imputation using chained equations was performed to impute missing data.
More details can be found in the Supplementary Material (Text S2 and Tables S2–S5). Results of the
logistic regression models presented in this article are based on the imputed dataset.
Analyses were performed using Stata/IC 14 (StataCorp, 2015, Stata Statistical Software, College
Station, TX, USA).
2.5. Ethics
The study was approved by the ethical review boards of the Universidad Peruana Cayetano
Heredia in Lima, Peru, and the University of Basel, Switzerland (through the ethics commission
‘Ethikkommission Nordwest- und Zentralschweiz’ (EKNZ)). All household heads signed written
informed consent prior to participation.
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3. Results
In the three regions, Cajamarca, Cuzco and La Libertad, stove use data and data on potentially
explanatory variables were collected from 48, 12 and 23 communities, respectively. In total,
1202 households participated and 400 questionnaires were administered in Cajamarca, 400 in Cuzco
and 402 in La Libertad. We excluded 169 households or 14% of all data from the analysis. Of those,
99 households were excluded because they had not taken part in a stove programme, but had adopted
their own IS following experiences with cooking on their neighbour’s or friend’s IS. The remainder
were excluded because of implausible values in the stove use variables. Demographics and further
information on the 1033 remaining households are given in Table 1.
Table 1. Background and stove adoption information for 1033 households in three regions of Peru.
Demographics and Further Explanatory Variables n (%)
Region
Cajamarca 344 (33.3)
Cuzco 331 (32.0)
La Libertad 358 (34.7)
Age of reporting female
<35 245 (23.7)
35–<45 289 (28.0)
45–<55 249 (24.1)
≥55 230 (22.3)
Education of reporting female (years of schooling)
0 133 (12.9)
1–6 701 (67.9)
≥7 177 (17.1)
Civil status of reporting female (married/civil partnership vs. single/separated/divorced/widowed) 876 (84.8)
Household size, ≥5 persons 473 (45.8)
Wealth index a
1. Quintile (lowest) 207 (20.0)
2. Quintile 212 (20.5)
3. Quintile 215 (20.8)
4. Quintile 197 (19.1)
5. Quintile (highest) 202 (19.6)
Land ownership (where house is built) 915 (88.6)
Internet use 341 (33.0)
Firewood is bought 362 (35.0)
Stove programme
IIN 147 (14.2)
Sembrando 191 (18.5)
Juntos 183 (17.7)
Municipalidad 118 (11.4)
NINA 237 (22.9)
others (various, programmes with <5% coverage) 157 (15.2)
Participation in national gas programme 189 (18.3)
Year of stove programme participation
≤2008 197 (19.1)
2009 161 (15.6)
2010 193 (18.7)
2011 209 (20.2)
2012 105 (10.2)
2013 50 (4.8)
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Table 1. Cont.
Demographics and Further Explanatory Variables n (%)
Problems with IS 338 (32.7)
Knowledge of somebody who can build an IS 332 (32.1)
IS parts can be obtained in the community 174 (16.8)
Local authorities/leaders support IS use 435 (42.1)
Stove use and adoption
Primary cookstove
IS 902 (87.3)
LPG stove 43 (4.2)
Traditional cookstove b 86 (8.3)
Secondary cookstove
IS 80 (7.7)
LPG stove 469 (45.4)
Traditional cookstove 167 (16.2)
None 317 (30.7)
Daily IS use 900 (87.1)
LPG stove use 529 (51.2)
Traditional stove displacement 677 (65.5)
a The index is constructed from: (i) number of people per room; (ii) presence of consumer durables; (iii) presence
of housing characteristics; (iv) ﬂooring material; (v) drinking-water source; (vi) toilet facility. The original index
includes presence of LPG/electricity stove and type of cooking fuel, two variables that we have excluded for the
wealth index used in this analysis [29]. b Includes tulpia (open ﬁre) and traditional cookstove with or without
chimney. Acronyms: IIN: Instituto de Investigación Nutricional; IS: improved solid fuel stove; LPG: liqueﬁed
petroleum gas.
3.1. Stove Use and Adoption
Numbers and percentages of households using clean and traditional stoves as the primary or
secondary cookstove, using the IS daily, using the LPG stove and having displaced the traditional
stove are shown in Table 1. Some 87% of women stated that they used the IS daily, 51% that they used
the LPG stove (in general) and 66% that they did not use traditional cookstoves. Ninety-two percent
of households stated that they used clean cookstoves as the primary cooking technology, with the IS
being the most important reported primary cookstove. In case a secondary cookstove was mentioned,
this was mostly an LPG stove. Fieldworker observations on households reporting the IS as the primary
or secondary stove revealed a missing or broken chimney in 3.5% and 6.1% and no closed combustion
chamber in 13% of all observations. Eighteen percent of all households stated that they participated in
the national gas programme “Fondo de Inclusión Social Energético” (FISE) [30], 69% practised stove
stacking (i.e., mentioned using a secondary stove) and 54% and 79% were willing to pay (any amount
of money) for a new IS or replacement parts in case the current stove would break.
3.2. Multivariable Analysis of Factors Associated with Clean Cookstove Adoption
Results of the multivariable logistic regression models examining daily IS use, use of the LPG
stove and traditional stove displacement are presented in Table 2. Taking part in the national gas
programme FISE [30] was an almost perfect predictor of being a gas user. This variable was therefore
not included in the regression model but analysis of gas use was performed including only those
households that had not taken part in the national FISE programme (n = 844). In the following
paragraphs, we list the explanatory variables that are associated with one of the three outcomes which
we deﬁne as a p-value of ≤0.05. If a variable consists of several categories, such as education, we refer
to the overall p-value as given in Table 2.
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Table 2. Results of multivariable logistic regression analysis of daily IS use, LPG stove use and
traditional stove displacement, Peru 2014.
Daily IS Use (n = 1033) LPG Stove Use (n = 844) Traditional StoveDisplacement (n = 1033)
OR (95% CI) p OR (95% CI) p OR (95% CI) p
Region 0.3 0.3 <0.0001
Cajamarca 1 1 1
La Libertad 1.27 (0.44, 3.68) 1.19 (0.48, 2.94) 2.42 (1.19, 4.93)
Cuzco 2.46 (0.83, 7.29) 1.71 (0.87, 3.36) 4.48 (2.28, 8.79)
Age of reporting female 0.4 1 0.002
<35 1 1 1
35–<45 0.75 (0.44, 1.28) 0.89 (0.56, 1.42) 0.59 (0.39, 0.89)
45–<55 1.26 (0.68, 2.32) 0.94 (0.57, 1.54) 0.43 (0.28, 0.67)
≥55 0.96 (0.49, 1.87) 0.93 (0.53, 1.63) 0.49 (0.3, 0.81)
Education of reporting female
(years of schooling) 0.02 0.02 0.2
0 1 1 1
1–6 0.90 (0.46, 1.76) 2.09 (1.22, 3.6) 1.39 (0.89, 2.17)
≥7 0.44 (0.20, 0.99) 2.47 (1.26, 4.87) 1.03 (0.57, 1.84)
Civil status of reporting female,
married/civil partnership vs.
single/separated/divorced/widowed
1.75 (1.06, 2.88) 0.03 0.97 (0.62, 1.54) 0.9 0.98 (0.65, 1.47) 0.9
Household size, ≥5 persons 1.25 (0.82, 1.91) 0.3 0.80 (0.56, 1.13) 0.2 0.64 (0.47, 0.88) 0.005
Wealth index 0.9 <0.0001 0.001
1. Quintile (lowest) 1 1 1
2. Quintile 1.05 (0.57, 1.93) 2.41 (1.4, 4.15) 1.40 (0.92, 2.14)
3. Quintile 0.77 (0.43, 1.4) 2.03 (1.17, 3.51) 1.81 (1.17, 2.8)
4. Quintile 0.93 (0.48, 1.78) 5.05 (2.92, 8.74) 1.27 (0.81, 1.99)
5. Quintile (highest) 0.91 (0.46, 1.79) 10.17 (5.67, 18.22) 2.74 (1.65, 4.54)
Land ownership 1.06 (0.58, 1.93) 0.9 0.97 (0.57, 1.65) 0.9 0.77 (0.47, 1.26) 0.3
Internet use 1.36 (0.85, 2.18) 0.2 1.28 (0.89, 1.83) 0.2 1.07 (0.76, 1.5) 0.7
Firewood is bought 0.80 (0.52, 1.23) 0.3 1.09 (0.76, 1.55) 0.6 1.28 (0.92, 1.77) 0.1
Stove programme 0.2 0.07 0.1
IIN 1 1 1
Sembrando 2.32 (0.74, 7.25) 1.04 (0.44, 2.47) 1.48 (0.73, 2.98)
Juntos 2.37 (0.68, 8.27) 2.61 (0.99, 6.9) 0.80 (0.36, 1.78)
Municipalidad 3.21 (0.75, 13.76) 1.13 (0.4, 3.21) 0.66 (0.27, 1.64)
NINA 1.42 (0.28, 7.32) 1.43 (0.47, 4.34) 0.51 (0.19, 1.39)
others (various, <5%) 3.91 (1.11, 13.78) 1.39 (0.57, 3.43) 0.93 (0.45, 1.93)
Year of stove programme participation 0.2 0.1 0.2
≤2008 1 1 1
2009 0.48 (0.13, 1.86) 0.54 (0.2, 1.46) 0.96 (0.43, 2.14)
2010 0.33 (0.09, 1.24) 0.90 (0.36, 2.26) 1.00 (0.46, 2.17)
2011 0.41 (0.11, 1.61) 0.87 (0.34, 2.25) 1.24 (0.53, 2.91)
2012 0.77 (0.19, 3.22) 1.61 (0.62, 4.16) 1.42 (0.62, 3.25)
2013 0.31 (0.07, 1.38) 0.98 (0.33, 2.88) 3.23 (1.18, 8.84)
Problems with IS 0.62 (0.41, 0.93) 0.02 1.13 (0.8, 1.6) 0.5 0.65 (0.48, 0.88) 0.005
Knowledge of somebody who can
build IS 2.01 (1.24, 3.27) 0.01 0.68 (0.47, 0.98) 0.04 1.02 (0.74, 1.41) 0.9
IS parts can be obtained in community 0.84 (0.51, 1.39) 0.5 1.23 (0.81, 1.87) 0.3 1.48 (1, 2.2) 0.05
Local authorities/leaders support
IS use 0.94 (0.58, 1.52) 0.8 0.85 (0.57, 1.26) 0.4 0.99 (0.7, 1.39) 0.9
3.2.1. Daily IS Use
Variables associated with daily IS use in the multivariable logistic regression analysis were years
of schooling and civil status of the reporting female (odds ratios, ORs,) and p-values of all variables are
given in Table 2, second column). Encountering problems with the IS was negatively associated (OR
0.62 (0.41, 0.93)) and knowledge of somebody able to build or repair an IS was positively associated
with daily IS use (OR 2.01 (1.24, 3.27)).
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3.2.2. LPG Stove Use
Variables associated with LPG stove use in the multivariable logistic regression analysis were
years of schooling (e.g., OR 2.47 (1.26, 4.87) for ≥7 years compared to no schooling) and wealth index
(e.g., OR 10.17 (5.67, 18.22) for the ﬁfth quintile compared to the ﬁrst quintile). Knowledge of somebody
able to build an IS was negatively associated with LPG stove use (OR 0.68 (0.47, 0.98)) (Table 2, third
column for all ORs and p-values).
3.2.3. Traditional Stove Displacement
Variables associated with the displacement of the traditional stove in the multivariable logistic
regression analysis were region, age of the reporting female, household size and wealth index.
Encountering problems with the IS was negatively associated (OR 0.65 (0.48, 0.88)) and the possibility
to obtain IS parts in the community was positively associated with traditional stove displacement
(OR 1.48 (1, 2.2)) (Table 2, fourth column for all ORs and p-values).
Tables comparing results from analysis of imputed data and complete cases are shown in
Tables S3–S5.
4. Discussion
In this study, more than 1000 households had participated in various IS promotion programmes
in geographically and culturally diverse rural Andean regions. We show that a large proportion of
households report daily clean cookstove use as their main or even as their exclusively used technology,
i.e., no concurrent use of traditional cookstoves. Various characteristics are associated with daily IS
use, LPG stove use and displacement of the traditional cookstove.
4.1. Stove Use and Adoption
Households in our study reported that the IS is their primary stove, however, LPG stoves play
an increasing role in household cooking. In a similar setting in Mexico, 50–70% of households continued
to use the IS ten months after intervention implementation and only 10% did not adopt it [31]. Usage of
the IS was shown to decline during the ﬁrst months after implementation and then to stabilise [16,31].
In our study in which most households participated in a stove programme several years ago (Table 1),
we believe that this stable phase of IS use had been reached. The parallel use of multiple cookstoves
(or stove stacking) is common (69% of households). Eighty-ﬁve percent of those households combine
the IS as the primary stove with either the LPG (63%) or the traditional stove (22%). These numbers
vary by region: in Cuzco 76% of all households practicing stove stacking use the IS as the primary
plus the LPG stove as the secondary stove, whereas in Cajamarca this number is only 50% and more
households (33% of all households practicing stove stacking) combine the IS with a traditional stove.
Exclusive IS use is a rare phenomenon, as clean cookstoves seldom meet all household needs [19,32].
However, 66% of households reported not using the traditional cookstove, but using either the IS
exclusively or in combination with the LPG stove. During our previous research activity in Cajamarca
in 2009 [33,34], household use of LPG was still uncommon. However, having accepted the IS as new
cooking technology might have increased households’ acceptance of other clean stoves, a phenomenon
also described in Mexico [31]. From focus group discussions that we conducted within the framework
of this study, we discovered that households were highly enthusiastic about LPG stoves. However,
these stoves were not considered as true replacements for solid fuel stoves and mostly used for minor
cooking activities of short duration (such as breakfast preparation and heating dinner). Reasons given
in focus groups were the high price of LPG and alteration in the taste of traditional meals.
All three measures of stove use, i.e., daily IS use, LPG stove use and traditional stove displacement,
are important to achieve health effects and to describe different phases after clean cookstove promotion.
A household might, for example, use the IS but might not yet have switched to LPG or discontinued
using the traditional stove. Indeed, use of the IS or the LPG stove might be a prerequisite for traditional
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stove displacement. In this sense, traditional stove displacement might reﬂect sustained changes after
clean cookstove promotion. In our study, 70% of households that reported daily IS use, also reported
traditional stove displacement, as compared to only 35% in households with no daily IS use. Similarly,
73% of households using the LPG stove reported traditional stove displacement compared to 57% of
households not using the LPG stove.
4.2. Factors Associated with Cookstove Adoption and Displacement
In-depth understanding of local enablers and barriers has been postulated to be key for successful
clean cookstove interventions [35,36]. We selected our list of potential important factors based on
prior evidence and explored them in a speciﬁc local context. Similar to what has been described
before, some of our enabling and hindering factors are relevant for more than one outcome. Variables
associated with clean cookstove adoption (i.e., with one of our three outcomes) can be grouped in
demographics (education, age, civil status and region), household (household size, household wealth
index), community (knowledge of somebody able to build or repair an IS and whether IS parts are
obtainable in the community), stove (encounters of problems with the IS) and policy characteristics
(subsidy schemes such as the national gas programme FISE). Women with higher education had higher
odds of adopting the LPG stove, but lower odds of using the IS daily. Higher education was consistently
associated with increased uptake of clean cookstoves in previous research [20,21,23,24]. In the present
settings where the IS has become a standard cooking technology (reﬂected by high usage), LPG stoves
might be perceived as new and modern and as a stove that more educated and wealthy households
can access initially. Related to that, women in the lowest age group had higher odds of displacing the
traditional stove and higher household wealth was associated with both traditional stove displacement
and LPG stove use. Higher wealth might be especially important in rural areas where LPG is usually
more expensive [20]. Women living with a partner had higher odds of using the IS daily than single,
separated, divorced or widowed women which might be due to the fact that these women cook more
often and for more people. Similarly, a bigger household size was associated with a decreased chance
of traditional stove displacement, which is consistent with previous research showing LPG stove
uptake being larger in smaller households [20]. Experiencing problems with the IS decreased the
chance that the household was using the IS daily and also that it had displaced the traditional stove.
Fieldworker observations reporting no or a broken chimney of the IS were associated with less daily
IS use, less use of the LPG stove and less traditional stove displacement (data not shown). Negative
experiences with IS durability are likely to reduce motivation for its use and conﬁdence to abolish
traditional stoves. Indeed, stove stacking with traditional cookstoves has been described as a strategy
to cope with uncertainties regarding income, fuel prices and access to fuels [19]. Problems with the
programme stove were also found to be much lower in communities were new stoves were rapidly
taken up compared to communities where uptake took longer [31]. Two more factors, knowledge of
somebody with the ability to build or repair an IS (positively associated with daily IS use and negatively
associated with LPG use) and whether IS parts are obtainable in the community (positively associated
with traditional stove displacement), underline the importance of stove functioning and possibilities
for repair and maintenance through a functioning supply chain for clean cookstove adoption. Region
was also associated with traditional stove displacement with households in La Libertad and in Cuzco,
having higher odds of not using traditional stoves which might be related to policy and programme
characteristics. Variables associated with the use of the LPG stove were only examined in the group of
households not taking part in the national gas programme [30]. All except one of the 189 households
that participated in this programme stated that they used the LPG stove, making the FISE a very
strong predictor for LPG uptake. The Peruvian government in 2012 initiated the programme FISE
to promote household LPG use for example via subsidies. It has been shown before that initial costs
of LPG stoves and cylinders and the high price of LPG in general are among the most important
barriers for uptake [20,22] with subsidies being an important measure to raise adoption rates [21].
More information on the different stove programmes is provided Texts S3 and S4, Tables S6 and S7.
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4.3. Limitations
In cross-sectional study designs, there are a number of different biases that might occur such
as selection and information bias. In this study, households were selected from areas in which IS
promotion programmes had been conducted. From these areas we included all households having
participated in a programme (overall less than 5% of households declined). First, households willing
to participate in our study might not be representative of all rural Peruvian households who have
taken part in a stove programme. They might have been more or less satisﬁed with the programme or
their respective stove and felt the need to express this. Second, households willing to participate in
a stove programme might differ from the average rural Andean household. We nevertheless believe
that our results are largely generalisable to the rural Peruvian Andean context as we included a large
number of households from geographically and culturally diverse regions.
Furthermore, cross-sectional studies cannot establish temporal sequence between exposure and
outcome. Knowledge of somebody able to build an IS was associated with daily IS use, but it is
possible that because household members used an IS they knew somebody who could build or repair it.
Furthermore, our outcomes and exposures are self-reported which might overestimate actual clean
cookstove use. A recent study in Rwanda showed differences between observed and reported IS
use [37] (54% observed, 78% reported). A similar observation was made in a humanitarian crisis
setting in Darfur, Sudan [38]. Another study found similar results in relation to whether stove use was
reported or measured [39]. A study in rural Mexico introducing IS reported similar displacement of the
open ﬁre (57% compared to 66% displacement of traditional stoves in this study) [19]. Nevertheless,
objective assessment of stove use, for example, with stove use monitors might have led to more accurate
outcome assessments [38,39], which was, however, not possible for this study. We believe that in this
setting the risk of reporting bias might be smaller as questions on cookstove use were less related to
the respective IS promotion programme as there were a considerable number of different programmes
which were mostly conducted several years ago. This might, on the other hand, have led to recall
bias especially on information on the respective stove promotion programmes. The questionnaire
had been designed to evaluate IS use and adoption. Therefore, ﬁeldworker observations relate only
to the IS. Observations listing for example all present stoves in the home would have been useful
to validate reported IS and LPG stove use and displacement of the traditional stove. We could not
examine all potential enablers and barriers described previously and also not all variables that had
been included in the questionnaire for this purpose. For example, questions around perceptions of
time and money savings, beneﬁts for health and safety and cleanliness of the kitchen were answered
very uniformly across households. It was described before that households stated high satisfaction
with the programme stove which was not necessarily related to real satisfaction [39]. Finally, we did
not assess use of a speciﬁc cookstove for cooking the main meal or for other household tasks such as
heating water or the home.
5. Conclusions
In the Peruvian Andes the transition to clean cookstoves appears to be in process after many
years of IS and more recent LPG stove promotion. Only one third of all households report traditional
cookstove use and only 8% as the primary stove. These households should be considered in future
programmes to achieve desired health impacts. Due to household preferences and related monetary
costs, LPG stoves are currently unlikely to completely replace solid fuel stoves. However, LPG stoves
offer advantages which might make them very suitable secondary stoves, potentially able to further
reduce the role of traditional cookstoves if household economic constraints are carefully considered
beyond current subsidy schemes. Factors inﬂuencing stove adoption are related to stove maintenance
and repair at community-level and a functioning supply chain. Preferences for a certain cookstove
seem further inﬂuenced by just a few demographic, household, community, stove and public policy
characteristics that can be considered for programme planning. The results of our study on more
than 1000 households from three geographically and culturally diverse rural Andean settings provide
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an important evaluation of IS promotion programmes and add to the growing evidence on factors
promoting or hindering clean cookstove adoption. The study ﬁndings assist in designing successful
clean cookstove interventions for the future.
Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/14/7/745/s1,
Text S1: Background information titled: The three study regions, Table S1: Independent variables for logistic
regression analysis; lists and describes all 16 independent variables and the amount of missing data, Text S2:
Methods section titled: Multiple imputations using chained equations; a detailed description about assumptions
and methods underlying multiple imputation of missing independent variables, Table S2: Comparison between
observations with missing variables and observations that are fully observed; compares observations that have
no missing values in any of the variables with observations that have missing observations in one or more of
variables, Table S3: Results of multivariable logistic regression analysis of daily IS use, analysis of complete cases
and imputed data; comparison of the respective regression model when complete cases versus imputed data
is used, Table S4: Results of multivariable logistic regression analysis of LPG stove use, analysis of complete
cases and imputed data; comparison of the respective regression model when complete cases versus imputed
data is used, Table S5: Results of multivariable logistic regression analysis of traditional cookstove displacement,
analysis of complete cases and imputed data; comparison of the respective regression model when complete cases
versus imputed data is used, Text S3: Background information titled: Information on institutions/programmes
promoting improved stoves in Peru, Table S6: Number of improved solid fuel stoves by region, Table S7:
Description of institutions and programmes promoting improved solid fuel stoves; gives detailed information on
the institution/stove programme, the stove model, technical speciﬁcations, type of fuel and stove certiﬁcation,
Text S4: Background information titled: The national gas programme FISE.
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Abstract objectives Safe drinking water, sanitation and hygiene are protective against diarrhoeal disease; a
leading cause of child mortality. The main objective was an updated assessment of the impact of
unsafe water, sanitation and hygiene (WaSH) on childhood diarrhoeal disease.
methods We undertook a systematic review of articles published between 1970 and February 2016.
Study results were combined and analysed using meta-analysis and meta-regression.
results A total of 135 studies met the inclusion criteria. Several water, sanitation and hygiene
interventions were associated with lower risk of diarrhoeal morbidity. Point-of-use ﬁlter interventions
with safe storage reduced diarrhoea risk by 61% (RR = 0.39; 95% CI: 0.32, 0.48); piped water to
premises of higher quality and continuous availability by 75% and 36% (RR = 0.25 (0.09, 0.67) and
0.64 (0.42, 0.98)), respectively compared to a baseline of unimproved drinking water; sanitation
interventions by 25% (RR = 0.75 (0.63, 0.88)) with evidence for greater reductions when high
sanitation coverage is reached; and interventions promoting handwashing with soap by 30%
(RR = 0.70 (0.64, 0.77)) vs. no intervention. Results of the analysis of sanitation and hygiene
interventions are sensitive to certain differences in study methods and conditions. Correcting for non-
blinding would reduce the associations with diarrhoea to some extent.
conclusions Although evidence is limited, results suggest that household connections of water
supply and higher levels of community coverage for sanitation appear particularly impactful which is
in line with targets of the Sustainable Development Goals.
keywords diarrhoea, hygiene, meta-analysis, sanitation, review, water
Introduction
The Sustainable Development Goals (SDGs) adopted by
193 Member States at the UN General Assembly in 2015
aim to substantially improve water and sanitation glob-
ally and include two speciﬁc targets within Goal 6 for
drinking water, sanitation and hygiene (WaSH) [1]:
• 6.1 By 2030, achieve universal and equitable access to
safe and affordable drinking water for all.
• 6.2 By 2030, achieve access to adequate and equitable
sanitation and hygiene for all and end open defeca-
tion, paying special attention to the needs of women
and girls and those in vulnerable situations.
Progress towards the Millennium Development Goals
(MDGs) which preceded the SDGs was monitored glob-
ally based on the use of improved drinking water supplies
and sanitation facilities. The SDGs aim at higher water
and sanitation service provision and are being monitored
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using indicators which include elements of service quality
that were not captured by the MDG indicators (Table 1)
[2]. Moreover, while the MDGs did not include a hygiene
target, SDG 6 speciﬁcally includes a place for handwash-
ing with water and soap in the household.
Achieving the SDG WaSH targets will be challenging.
In 2015, only 68% of the world population used
improved sanitation, meaning that 2.4 billion people still
lacked even simple sanitation facilities like pit latrines
and septic tanks. Although 91% of the world population
used improved drinking water sources in 2015, 663 mil-
lion people still used unimproved sources such as unpro-
tected springs, wells and surface water [3]. Furthermore,
it has been estimated that 10% of improved drinking
water sources are heavily contaminated with faecal mate-
rial, that is, contain at least 100 Escherichia coli or ther-
motolerant coliform bacteria per 100 ml [4], underlining
that improved water sources do not guarantee water that
is safe for drinking. Estimates suggest that only 19% of
the world population washes hands with soap after con-
tact with excreta [5]. Those that lack access are typically
the poorest and most marginalised, which adds impor-
tantly to the costs and the efforts of reaching universal
coverage [3].
Inadequate WaSH is considered as an important risk
for diarrhoea [6–8] and has been linked to many other
adverse health- and non-health consequences, such as
other infectious diseases, poor nutritional status, reduced
security and spare time [9–13]. Diarrhoea remains among
the most important causes for global child mortality and
is estimated to account for approximately 600 000 deaths
in children under 5 years annually [14].
This updated systematic review and meta-analysis pro-
vide new estimates for the impact of WaSH interventions
on childhood diarrhoea. New WaSH studies have been
published including studies on continuous water supply
and rigorous studies of improved sanitation which permit
adaptation and extension of the exposure scenarios previ-
ously presented and which better align with the SDG6
targets for water, sanitation and hygiene improvements.
Our updated analysis of the latest evidence on water,
sanitation and hygiene and diarrhoea is key for guiding
the choice of interventions according to their potentially
highest health beneﬁts and provides a basis for estimating
the global burden of disease from WaSH.
Methods
The protocol for this study was agreed, in advance, by an
expert group convened by WHO in 2013. Participating
experts who took part in this initial meeting are listed in
Appendix S4. The update of this systematic review is reg-
istered within PROSPERO [15] under the registration
number CRD42016043164. Appendix S1 shows the
Table 1 Global indicators for drinking water, sanitation and hygiene in the MDG and SDG periods
MDG Indicator SDG Indicators and further details
Drinking
water
Proportion of population
using an improved
drinking water source*
Proportion of population using safely managed drinking water services†
Safely managed drinking water services: Use of an improved drinking water source, which is
located on premises, available when needed, and compliant with faecal and priority chemical
standards‡
Basic drinking water services: use of an improved drinking water source provided collection
time is not more than 30 min for a roundtrip including queuing‡
Limited drinking water services: use of an improved drinking water source where collection
time exceeds 30 min for a roundtrip to collect water including queuing‡
Sanitation Proportion of population
using an improved
sanitation facility
which is not shared
with other households*
Proportion of population using safely managed sanitation services, including a handwashing
facility with soap and water†
Safely managed sanitation services: Use of an improved sanitation facility which is not shared
with other households, and where excreta are safely disposed in situ or transported and
treated offsite‡
Basic sanitation services: Use of an improved sanitation facility which is not shared with
other households‡
Limited sanitation services: Use of an improved sanitation facility which is shared between
two or more households‡
Hygiene None Proportion of population using safely managed sanitation services, including a handwashing
facility with soap and water†
MDG, Millennium Development Goal; SDG, Sustainable Development Goal.
*Ofﬁcial list of MDG indicators (United Nations Statistics Division 2008).
†Ofﬁcial list of SDG Indicators (Division 2016).
‡For a listing of improved drinking water sources and sanitation facilities, see https://washdata.org/.
© 2018 World Health Organization; licensed by WHO Published by John Wiley & Sons Ltd. 509
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PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) checklist.
Systematic literature review
Selection criteria and search strategy. We included any
study reporting the effect on diarrhoea morbidity in chil-
dren less than 5 years of age of any WaSH intervention
providing they reported sufﬁcient data to allow for char-
acterisation in accordance with the conceptual models for
WaSH that were generated by mapping the available evi-
dence (Figures 1 and 2) [16]. More information on the
conceptual framework is given in the paper on the initial
systematic review [16]. If data on children under ﬁve
were not available, we included estimates for all ages or
older children. Only studies with a clearly speciﬁed inter-
vention matching our pre-deﬁned exposure scenarios (Fig-
ures 1 and 2) that provided improved household or
community water supply or sanitation facilities or pro-
moted handwashing with soap were included in this
review. Interventions needed to be tested against a con-
trol group that did not receive the respective intervention
(s) or that received a control or placebo intervention. Eli-
gible study designs included
• randomised (including individual and cluster ran-
domised) controlled trials;
• quasi-randomised and non-randomised controlled tri-
als, the latter when baseline data on the main outcome
were available before the intervention was conducted
(i.e. before and after studies with a concurrent control
group);
• case–control and cohort studies when they were
related to a clearly speciﬁed intervention;
• studies using time-series and interrupted time-series
design; and
• studies without a clearly speciﬁed intervention analys-
ing cross-sectional household survey data but with
appropriate matching methods to permit causal infer-
ence [17].
For the purpose of this analysis, we will refer to studies
listed under 1. to 4. as ‘studies evaluating speciﬁc inter-
ventions’ and studies listed under 5. ‘survey data analy-
ses’.
We included single and combined water and sanitation
interventions that reported relative risk estimates or the
relevant data for their calculations. For water and sanita-
tion, we restricted study location to households in low-
and middle-income settings, that is low- and middle-
income countries according to the World Bank classiﬁca-
tion [18] and interventions in low-income settings in
high-income countries, whereas for hygiene, we also
included studies performed in institutions such as day-
care centres/homes and primary schools from high-
income settings because we assume these settings repre-
sent the high potential for faecal pathogen transmission.
We only included hygiene interventions that included a
handwashing component and excluded interventions con-
cerning hand sanitisers such as alcohol-based handrubs in
Correa et al. [19]. For the water and sanitation analysis,
Unimproved water source
Inproved water source,
not on premise
Piped water into premise
POU solar
POU chlorine
POU filters
Continuous piped waterPiped water, higherquality
a
b
c
s u
f
y
x
w
d
e
g
v
t
Figure 1 Conceptual framework for the
analysis of drinking water studies. POU:
point-of-use; direct evidence
available, effect estimated
indirectly, ‘improved water source’
according to the WHO/UNICEF Joint
Monitoring Programme (JMP) not
including piped water into premises, POU
chlorine includes chlorination and
ﬂocculation; additional covariates are
examined in meta-regression.
Unimproved sanitation No handwashing with soap
Handwashing with soapImproved sanitation
Figure 2 Conceptual frameworks for the analysis of sanitation
and hygiene studies. Additional covariates are examined in meta-
regression.
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we excluded studies that mainly targeted institutions like
schools or the work place and, in general, we excluded
studies where the study population was considered to be
non-representative with regard to the exposure–outcome
relationship of interest (e.g. interventions targeting HIV+
population). Included effect estimates were usually based
on intention-to-treat analyses rather than estimates in
those who actually adopted the intervention, despite
often low compliance levels.
Interventions including both a drinking water and a
sanitation component were included in both water and
sanitation analysis. As hygiene interventions are often
added as an additional component to water and sanita-
tion interventions, studies included in the hygiene analysis
needed to report effect estimates separately for the
hygiene component, needed to be exclusive hygiene inter-
ventions or to clearly have the hygiene intervention as the
main component.
Studies were included in the review only if they were
published in a peer-reviewed scientiﬁc journal in English
or French or to have been assessed according to transpar-
ent criteria for methodological quality in a previously
conducted systematic review. Studies published in lan-
guages other than English or French were included pro-
vided the relevant data were available in a previous
systematic review published in English or French.
Non-randomised studies with baseline differences in
diarrhoea occurrence that were not accounted for in the
analysis were not included in the analyses as the effect
estimate related to the intervention could not reasonably
be estimated.
We systematically searched Pubmed, Embase, Scopus
and Cochrane Library using both keywords and MeSH
terms to identify WASH studies and their impact on diar-
rhoeal disease. The update covered the search between 1
January 2012 and early 2016 (February for the search on
water and sanitation interventions and May for hygiene).
As such the systematic review now covers studies pub-
lished from 1970 until early 2016 [16]. The search strat-
egy and search terms for the four databases are detailed
in Appendix S2. The reference sections of systematic
reviews on WaSH were also searched. References were
also provided from subject-matter experts, including co-
authors of this study and those included in the acknowl-
edgements section.
Data extraction and quality assessment. Study title and
abstract screening, data extraction and quality assessment
were primarily performed by a single reviewer. A second
reviewer subsequently checked inclusion of studies and
data extraction. Data extraction was carried out using a
structured and piloted form [16]. Differences between
reviewers over data extraction were reconciled with a
third reviewer, where required. Authors were contacted
for additional details when required for extraction or cal-
culation of effect estimates or classiﬁcation of the studies.
Study quality was assessed using a revised and previ-
ously published version [20] of the Newcastle-Ottawa
scale [21] that we used in our previous reviews for WaSH
interventions [5, 16]. Quality criteria were adapted for
studies evaluating speciﬁc interventions and survey data
analyses (Appendix S5). Study quality scores were used
to identify and exclude the lowest-rated studies for sensi-
tivity analyses.
Where possible we extracted the adjusted relative risk
from the paper in the following order of preference:
1. longitudinal prevalence ratio, that is the proportion of
time ill,
2. prevalence ratio/risk ratio,
3. rate ratio,
4. odds ratio.
When these values were not given in the paper, we cal-
culated relative risks and conﬁdence intervals from data
presented in the paper. Where conﬁdence intervals could
not be calculated, the study was excluded from meta-ana-
lysis. Standard errors of the log relative risk were calcu-
lated using standard formulae [22]. Odds ratios can
overstate the estimated intervention effect especially when
the respective disease is frequent and effect estimates are
large (further away from 1) [23]. Therefore, odds ratios
were converted to risk ratios using the control group risk
as given in the respective paper [22, 24]. Risk ratios,
prevalence ratios, rate ratios and means ratios were com-
bined without any conversion.
For one study presenting adjusted odds ratios [25], the
control group risk was not given. Effect estimates of this
study were included as odds ratio. We, however, per-
formed a sensitivity analysis converting the odds ratios of
this study to risk ratios with a – conservatively high –
assumed control group diarrhoea prevalence of 30% over
the preceding week.
Where possible, we combined effect estimates across
intervention arms falling within the same category (e.g.
different methods for ﬁltering drinking water at point of
use). When multiple relevant effect estimates were given
within a study, we included independent subgroups (sepa-
rate intervention and separate control group in different
settings) from a single study separately. In the case of
multiple comparisons within a study (e.g. effect estimates
for different POU water interventions) but with the same
control group or different effect sizes across relevant age
groups or for the same individuals over time, effect esti-
mates were combined using methods described in
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Borenstein et al. [26]. In brief, effect estimates from dif-
ferent participants, for example from different relevant
age groups, were combined as independent subgroups,
whereas different effect estimates on the same partici-
pants, for example collected at different time points, were
combined taking into account the correlation between the
effect estimates. In the case of water interventions, multi-
ple comparisons were often not combined if the groups
were not sufﬁciently similar (e.g. water intervention sepa-
rately and water intervention plus hygiene education). In
these cases, including factorial designs, we derived a sin-
gle pairwise comparison of the most comprehensive inter-
vention compared with the least comprehensive
intervention (or control; comprehensive according to Fig-
ure 1 with, e.g. a piped water intervention being more
comprehensive than an improved, not on premises water
source). We, however, chose preferably intervention arms
that did not combine different components of WaSH (e.g.
water interventions without an additional hygiene or san-
itation component).
Statistical analysis
General approach. Random effects meta-analysis was
conducted separately by WaSH component to examine
the association with diarrhoeal morbidity. Random
effects meta-regression was used to examine drinking
water interventions according to our conceptual frame-
work (Figure 1) and to examine further pre-speciﬁed
covariates as indicated below. Bayesian meta-regression
was used to adjust study results of point-of-use drinking
water treatment and hygiene interventions for non-blind-
ing bias (described in more detail below). Following our
previous approach [16], we adjusted only point-of-use
and hygiene interventions for non-blinding bias as these
interventions usually aim exclusively to improve health
which is apparent to the recipient, whereas water and
sanitation interventions that improve supply are often less
apparent to the recipient and have aims beyond health
such as community development, environmental hygiene
beneﬁts and time savings of water collection.
Possible publication bias was examined with inspection
of funnel plots and the use of Egger’s test. Analyses were
performed with Stata 14 (StataCorp. 2015. Stata Statisti-
cal Software: Release 14. College Station, TX: StataCorp
LP). Bayesian meta-regression and bias adjustments were
performed using WinBUGS version 1.4 [27].
Analysis of drinking water interventions. The conceptual
model for the analysis of drinking water interventions is
shown in Figure 1. Interventions were grouped as struc-
tural changes in supply, for example, from unimproved
over improved towards different levels of piped water to
premises, and point-of-use treatment in the household,
for example, chlorine, solar and ﬁlter treatment. As more
studies have been published, our conceptual framework
for the drinking water analysis has been adjusted to
include two additional categories of piped water to pre-
mises services (Figure 1): treatment of piped water to
improve its quality and a continuous supply of piped
water (vs. an intermittent supply).
In Figure 1, transitions a to g present basic parameters
in the meta-regression model, each represented by a
covariate. All other transitions are coded as combinations
of these parameters, speciﬁcally: r = b – a, s = c – b,
t = c – a, u = g – b, v = g – a, w = d – a, x = e – a,
y = f – a. The model allows the indirect estimation of
transitions that have not been directly observed (includ-
ing those representing basic parameters), following ideas
of network meta-analysis [28]. The adapted exposure sce-
nario aligns more closely with the SDGs which aim at
higher water service provision than just improved water
supply.
The a priori model for the meta-regression of drinking
water interventions included seven binary variables pre-
senting the basic parameters outlined in Figure 1 plus
two additional variables, that is, whether safe water stor-
age was provided and whether the intervention included
also hygiene education and/or a sanitation intervention
(from now called ‘combined intervention’). The associa-
tion of safe water storage and diarrhoea was estimated
by including a binary covariate that was coded one for
interventions providing a safe storage container (i.e. a
container with a narrow opening that prevents the intro-
duction of objects either separately or inherently in cera-
mic ﬁlter interventions). Additional assessed covariates
included access to improved or unimproved sanitation in
the study population, interventions in rural compared to
urban or mixed areas, survey data analysis vs. studies
evaluating speciﬁc interventions and time of follow-up in
studies evaluating speciﬁc interventions. The covariates
were examined as indicator variables and time of follow-
up as indicator and as continuous variable. As sensitivity
analyses, we excluded cross-sectional, non-intervention
studies, non-randomised studies, the quintile of studies
evaluating speciﬁc interventions with the lowest quality
rating, studies that did not report on diarrhoea in chil-
dren <5 years and studies published before 2012.
Blinding study participants in point-of-use drinking water
interventions. Most WaSH interventions are unblinded
and diarrhoea is self-reported in most intervention evalu-
ation studies which may lead to biased reports of diar-
rhoea [29, 30]. We performed an additional analysis that
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incorporates bias adjustments for the POU water quality
interventions based on empirical evidence [29]. This
Bayesian meta-regression analysis was performed by sub-
tracting a bias factor from the log risk ratio from each
non-blinded study. This bias factor is based on 234 meta-
analyses including a total of 1970 trials across a broad
range of clinical areas, settings and types of experimental
interventions including curative and preventive interven-
tions [29]. The bias factor was given a prior distribution
in the shape of a normal distribution with mean 0.25 and
variance 0.2, reﬂecting ﬁndings from the BRANDO meta-
epidemiological study [29]. Further descriptions of this
approach can be found in Appendix S4.
Analysis of sanitation interventions. We examined the
overall association between sanitation interventions and
diarrhoea morbidity with random effects meta-analysis.
We also examined the association of sewer connections
and diarrhoea as compared to improved sanitation at the
household-level alone using meta-regression with two
binary variables to describe the transitions from unim-
proved to improved sanitation other than sewer and to
sewer connections plus a binary variable indicating a
combined intervention. We also examined a disaggrega-
tion of unimproved sanitation into open defecation and
use of unimproved sanitation facilities in studies that dis-
aggregated accordingly.
Other examined covariates were access to improved or
unimproved drinking water in the study population at
baseline, the level of community sanitation coverage
reached after the intervention, whether the sanitation
intervention provided sanitation promotion only as com-
pared to interventions that provided also sanitation hard-
ware (e.g. latrine construction or material), survey data
analyses vs. studies evaluating speciﬁc interventions, time
of follow-up in studies evaluating speciﬁc interventions
and whether the intervention was a combined interven-
tion, that is, aiming also at water or hygiene improve-
ments. Community coverage was examined as indicator
variable with two categories ≤75% and >75% sanitation
coverage after the intervention and as a continuous vari-
able (percentage with access to sanitation in the interven-
tion group after the intervention). The choice of the
categories was informed by a recent study that found
changes in the relationship between sanitation and diar-
rhoea prevalence at about 75% [31]. Other covariates
were examined as indicator variables and time of follow-
up as indicator and as continuous variable. Time of fol-
low-up as indicator variable in the analysis of sanitation
studies was examined with a cut-off of 24 months as
compared to the analysis of water and hygiene studies
with a cut-off of 12 months to reﬂect the generally longer
duration of sanitation studies (median duration of sanita-
tion, water and hygiene interventions was 24, 8 and
8 months, respectively).
As sensitivity analyses, we excluded survey data analy-
ses, non-randomised studies, the quintile of studies evalu-
ating speciﬁc interventions with the lowest quality rating,
studies that did not report on diarrhoea in children
<5 years and studies published before 2012.
Analysis of hygiene interventions. The overall association
between hygiene interventions and diarrhoea morbidity
was examined using random effects meta-analysis, as
were the following covariates using meta-regression:
exclusive promotion of handwashing with soap vs.
broader hygiene education, provision of soap, high-
income vs. low- and middle-income countries, community
vs. institutional (e.g. day-care, schools) interventions and
time of follow-up in studies evaluating speciﬁc interven-
tions. These were examined as indicator variables and
time of follow-up as indicator and as continuous vari-
able.
As sensitivity analyses, survey data analyses, non-ran-
domised studies, the quintile of studies evaluating speciﬁc
interventions with the lowest quality rating, studies that
did not report on diarrhoea in children <5 years, studies
published before 2012, studies in institutional settings,
studies in household setting and studies from high-income
countries were excluded.
An additional analysis was performed to adjust effect
estimates of unblinded studies for the assumed effect of
non-blinding bias as described before.
Results
Systematic literature search
Studies on water and sanitation were searched simultane-
ously, hygiene studies in a separate literature search. The
electronic searches of four databases yielded 11 723
water and sanitation studies, along with a further 120
identiﬁed through scanning the reference sections of pre-
vious systematic reviews or provided from subject-matter
experts, which was then reduced to 8700 after de-dupli-
cation. Separate electronic searches of the same four
databases yielded 363 hygiene studies, along with a fur-
ther nine identiﬁed through scanning the reference sec-
tions of previous systematic reviews, which was then
reduced to 308 after de-duplication. Hence, 8779 and
308 titles and abstracts were screened respectively for
water and sanitation, and hygiene, from which 80 full
water and sanitation texts and 11 full hygiene texts were
assessed for inclusion. Finally, 14 new water studies,
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eight new sanitation studies (Figure 3) and eight new
hygiene studies (Figure 4) were included for quantitative
meta-analysis alongside those studies identiﬁed in our
previous water and sanitation [16] and hygiene [5]
reviews. The complete databases therefore comprise 73
studies providing 80 observations for drinking water, 19
studies providing 22 observations for sanitation and 33
studies providing 33 observations for hygiene.
Appendix S3 presents citations and characteristics for all
WASH studies included in the analysis.
Analysis of drinking water interventions
We included 80 observations from 73 individual studies,
with 14 additional observations from 14 studies not
included in our previous review [16]. The number of
observations describing each link between study baseline
and outcome is listed in Table 2. Effect estimates of indi-
vidual observations are listed in Appendix S3. Forest
plots separated by type of drinking water intervention are
shown in Appendix S4.
Random effects meta-analysis of all 80 observations
yielded a pooled effect estimate of 0.67 (0.62, 0.73) with
an I2 of 92% indicating considerable heterogeneity of
effect estimates between studies. Results of random
effects meta-regression according to Figure 1 (without
bias adjustment for non-blinding) are presented in
Table 3a with the effect estimates of provision of safe
water storage and combined interventions in the table
footnote. The meta-regression model explained 39% of
the between-study variance. Further covariates, examined
in the full meta-regression model, included access to
improved vs. unimproved sanitation (RR 0.98 (0.80,
1.21)), interventions in rural vs. urban or mixed areas
(RR 1.00 (0.87, 1.17)), survey data analyses vs. studies
evaluating speciﬁc interventions (RR 1.00 (0.74, 1.34))
and time of follow-up in studies evaluating speciﬁc inter-
ventions as continuous (in months: RR 1.00 (0.99, 1.00)
and as indicator variable ≥12 months vs. <12 months:
RR 1.02 (0.86, 1.21)) showed no association with diar-
rhoea and did not considerably change effect estimates of
the other variables in the model (i.e. no confounding, all
effect estimates changed less than 5%). There were no
missing values for any of these covariates. Results of the
analysis adjusting for bias due to lack of blinding are pre-
sented in Table 3b. After adjusting for bias, there was no
evidence that POU chlorine treatment or POU solar treat-
ment was beneﬁcial (conﬁdence intervals widely cross
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one, columns 6 and 7 of Table 3b) whereas ﬁltering of
unimproved and improved sources, excluding piped water
to premises, remains signiﬁcantly beneﬁcial (column 8 of
Table 3b).
Sensitivity analyses. Excluding survey data analyses
(eight observations from ﬁve individual studies) yielded a
pooled estimate of 0.65 (0.60, 0.71), I2: 92% in meta-
analysis. Effect estimates for individual transitions
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Table 2 Included drinking water interventions according to study baseline and outcome
Baseline water Outcome water Comparisons
Transition
(Figure 1)
Unimproved source Improved source, not on premises 11 a
Unimproved source Piped water 6 b
Improved source, not on premises Piped water 7 r
Piped water Piped water, higher quality 1 s
Piped water Continuous piped water 2 u
Unimproved source POU chlorine treatment 18 d
Unimproved source POU solar treatment 5 e
Unimproved source POU ﬁlter treatment 15 f
Improved source, not on premises POU chlorine treatment 5 w
Improved source, not on premises POU solar treatment 6 x
Improved source, not on premises POU ﬁlter treatment 3 y
Total 79*
POU, point-of-use; ‘piped water’ means piped to premises.
*Comparisons add up to 79 observations (as compared to 80 included observations) as one study provided improved water storage
only [74].
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between exposure scenarios did not change besides the
transition to continuous piped water (one of two studies
describing this transition analysed survey data, e.g. from
unimproved to continuous piped: 0.71 (0.39, 1.27)
instead of 0.65 (0.42, 0.98), from improved community
source to continuous piped: 0.81 (0.45, 1.46) instead of
0.73 (0.48, 1.10) and from piped to continuous piped:
0.93 (0.55, 1.58) instead of 0.84 (0.57, 1.22)).
Excluding the eleven studies evaluating speciﬁc inter-
ventions with the lowest quality rating yielded a pooled
effect estimate of 0.67 (0.62, 0.73), excluding non-rando-
mised studies a pooled effect estimate of 0.62 (0.56,
0.68), excluding studies that did not report diarrhoea in
children <5 years a pooled effect estimate of 0.69 (0.65,
0.75) and excluding studies published before 2012 a
pooled effect estimate of 0.69 (0.59, 0.81) in meta-analy-
sis as compared to the pooled estimate of the whole data-
set of 0.67 (0.62, 0.73).
Converting the odds ratios of Clasen et al. [25] to risk
ratios with the assumed control group risk of 30% only
slightly reduced the estimates for ﬁlter interventions (e.g.
from unimproved source to ﬁlter: 0.51 (0.39, 0.66)
instead of 0.49 (0.38, 0.64) and from improved commu-
nity source to ﬁlter: 0.57 (0.42, 0.76) instead of 0.55
(0.41, 0.74)).
Analysis of sanitation interventions
We included 22 observations from 19 individual studies,
eight additional observations from eight studies compared
to the previous review. Random effects meta-analysis of
all 22 observations yielded an effect estimate of 0.75
(0.63, 0.88), I2: 95% (Figure 5). Effect estimates of indi-
vidual observations are listed in Appendix S3.
Eighteen observations reported the association between
improved household sanitation facilities and diarrhoea
compared to unimproved sanitation and two observations
respectively of sewer connection compared to unim-
proved and improved sanitation facilities. From 12 of the
13 intervention studies, a measure of sanitation coverage
after the intervention could be extracted (Appendix S3).
Examining improved household sanitation and sewer
connection separately in meta-regression resulted in an
effect estimate of 0.84 (0.73, 0.98) for improved house-
hold sanitation and 0.60 (0.39, 0.92) for sewer connec-
tion compared to a baseline of unimproved sanitation
and 0.71 (0.47, 1.07) of sewer connection compared to a
baseline of improved household sanitation (adjusted for
combined interventions: RR 0.65 (0.48, 0.89)). This
model explained 59% of the between-study variance.
When disaggregating unimproved sanitation into open
defecation and unimproved sanitation facilities (16 of the
22 observations allowed this disaggregation), there was
no difference in diarrhoea risk between open defecation
and unimproved sanitation facilities (RR 1.00 (0.71,
1.42)) and hence no difference in effect estimates for
improved household sanitation and sewer connection vs.
a baseline of either open defecation or unimproved sani-
tation facilities.
Meta-regression results of the further examined covari-
ates were 1.19 (0.79, 1.79) for baseline access to an
improved vs. unimproved water source, 0.96 (0.64, 1.44)
for latrine promotion only vs. also provision of latrine
hardware, 1.26 (0.90, 1.78) for survey data analyses vs.
studies evaluating speciﬁc interventions, 1.32 (0.72, 2.43)
for studies evaluating speciﬁc interventions with a follow-
up time of more than 24 months vs. those up to
24 months and 1.01 (0.99, 1.04) for each one month
increase in follow-up time, and 0.59 (0.43, 0.81) for
combined vs. single interventions. Studies evaluating
speciﬁc interventions that led to a sanitation coverage up
to 75% reduced diarrhoea on average by 24% (RR 0.76
(0.51, 1.13)) in the intervention compared to the control
group, and those with sanitation coverage above 75%
after the intervention by 45% (RR 0.55 (0.34, 0.91) in
the intervention compared to the control group. There
were no missing values for any of these covariates besides
one missing observation for community coverage in one
intervention study. Here, we used listwise deletion, that
is the record was excluded from the respective analysis.
Sensitivity analyses. Excluding survey data analyses
yielded a pooled effect estimate of 0.68 (0.50, 0.91),
excluding the study with the lowest quality rating a
pooled effect estimate of 0.75 (0.63, 0.89), excluding
non-randomised studies a pooled effect estimate of 0.96
(0.87, 1.06), excluding studies that did not report diar-
rhoea in children <5 years a pooled effect estimate of
0.76 (0.64, 0.91) and excluding studies published before
2012 a pooled effect estimate of 0.88 (0.81, 0.94) in
meta-analysis as compared to the pooled estimate of the
whole dataset of 0.75 (0.63, 0.88). Forest plots by inter-
vention type (improved household sanitation and sewer),
community coverage (up to and above 75%) and for ran-
domised studies are shown in Appendix S4.
Analysis of hygiene interventions
We included 33 observations from 33 individual studies,
eight additional observations compared to the previous
review. Random effects meta-analysis of all 33 observa-
tions yielded an effect estimate of 0.70 (0.64, 0.77), I2:
89% (Figure 6). A Bayesian bias-adjusted analysis to
account for lack of blinding in all of the studies changed
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the effect estimate to 0.90 and introduced considerable
uncertainty (95% conﬁdence interval from 0.37 to 2.17)
(Table 3). Effect estimates of individual observations are
listed in Appendix S3.
In meta-regression, there was no evidence for an asso-
ciation of exclusive promotion of handwashing vs.
broader hygiene education (RR 0.91 (0.76, 1.09)), the
provision of soap (RR 0.88 (0.73, 1.05)), high-income
vs. low- and middle-income countries (RR 1.01 (0.82,
1.24)), community vs. institutional interventions (RR
1.02 (0.83, 1.24)) and time of follow-up in studies eval-
uating speciﬁc interventions as continuous (in months:
RR 1.01 (1.00, 1.02) and as indicator variable
≥12 months vs. <12 months: RR 1.12 (0.93, 1.36) and
diarrhoea. There were no missing values for any of these
covariates.
Sensitivity analyses. Excluding one survey data analysis
yielded a pooled effect estimate of 0.71 (0.64, 0.78),
excluding the ﬁve studies evaluating speciﬁc interventions
with the lowest quality rating yielded a pooled effect esti-
mate of 0.68 (0.62, 0.74), excluding non-randomised
studies a pooled effect estimate of 0.74 (0.65, 0.83),
excluding studies that did not report diarrhoea in chil-
dren <5 years a pooled effect estimate of 0.70 (0.64,
0.78), excluding studies published before 2012 a pooled
effect estimate of 0.92 (0.84, 1.02), excluding institu-
tional-level studies a pooled effect estimate of 0.70 (0.62,
0.79), excluding household-level studies a pooled effect
estimate of 0.69 (0.59, 0.81) and excluding studies con-
ducted in high-income countries a pooled effect estimate
of 0.70 (0.62, 0.78) in meta-analysis as compared to the
pooled estimate of the whole dataset of 0.70 (0.64, 0.77).
NOTE: Weights are from random effects analysis
Overall  (I-squared = 95.1%, P = 0.000)
Begum 2011
Godfrey 2014
Walker 1999
Briceño 2015
author
Capuno 2012
Bose 2009
Pradhan 2002
Messou 1997
Fan 2011
First
Klasen 2012
Patil 2014
Pickering 2015
Moraes 2003
Kumar 2012
Capuno 2012
Capuno 2012
Capuno 2012
Roushdy 2012
Clasen 2014
Garrett 2008
Aziz 1990
Khush 2009
0.75 (0.63, 0.88)
0.85 (0.63, 1.13)
0.54 (0.29, 1.01)
0.65 (0.47, 0.90)
0.99 (0.75, 1.30)
ES (95% CI)
0.89 (0.65, 1.21)
0.64 (0.45, 0.89)
0.43 (0.11, 1.71)
0.71 (0.56, 0.91)
1.07 (0.88, 1.29)
0.81 (0.35, 1.90)
0.97 (0.78, 1.22)
0.93 (0.76, 1.14)
0.31 (0.28, 0.34)
0.82 (0.79, 0.85)
0.80 (0.60, 1.06)
0.69 (0.47, 1.01)
0.85 (0.62, 1.15)
1.42 (0.76, 2.68)
0.97 (0.84, 1.13)
0.31 (0.23, 0.41)
0.74 (0.69, 0.80)
1.00 (0.43, 2.32)
100.00
4.96
3.23
4.79
5.03
Weight
4.87
4.71
1.17
5.18
5.41
%
2.33
5.27
5.37
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4.48
4.86
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Figure 5 Forest plot of included sanitation interventions.
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There was no evidence of funnel-plot asymmetry and
small study effects in any of the WaSH meta-analyses
(Appendix S4).
Discussion
Main ﬁndings
Our results show large potential reductions in the risk of
diarrhoeal disease through the delivery of interventions
aiming at improvements in drinking water, sanitation and
hygiene. For water, the greatest reductions are for a piped
water to premises supply that has been treated to improve its
quality (75% based on limited evidence) and for POU-ﬁl-
tered water that is safely stored in the household (61% or
48% reduction before and after adjustment for non-blind-
ing) compared to a baseline of unimproved drinking water.
For sanitation, our overall estimates show a 25% mean
diarrhoea risk reduction compared to no intervention.
NOTE: Weights are from random effects analysis
Overall  (I-squared = 89.3%, P = 0.000)
Han1989
Briceño 2015
Haggerty 1994
Butz 1990
Wilson 1991
Stanton 1988
Roberts 2001
Luby 2004
Pickering 2013
Patel 2012
Huda 2012
Fan 2011
Nicholson 2014
Galiani 2015
Opryszko 2010
Luby 2004/2005
Black 1981
Kotch 1994
Pinfold 1996
Sircar 1987
Lee 1991
Talaat 2011
Khan 1982
author
Chase 2012
Luby 2006
Zomer 2015
Ahmed 1993
Carabin 1999
Bartlett 1988
Ladegaard 1999
Shahid 1996
First
Langford 2011
Kotch 2007
0.70 (0.63, 0.77)
0.70 (0.54, 0.91)
0.95 (0.72, 1.26)
0.94 (0.85, 1.04)
0.72 (0.54, 0.96)
0.21 (0.08, 0.55)
0.74 (0.67, 0.82)
0.50 (0.36, 0.69)
0.71 (0.49, 1.04)
0.84 (0.58, 1.22)
0.71 (0.38, 1.32)
1.02 (0.95, 1.09)
0.55 (0.49, 0.62)
0.76 (0.60, 0.98)
0.95 (0.54, 1.68)
0.78 (0.34, 1.80)
0.54 (0.45, 0.65)
0.52 (0.31, 0.88)
0.84 (0.70, 1.00)
0.61 (0.37, 1.00)
0.92 (0.72, 1.18)
0.67 (0.58, 0.78)
0.55 (0.47, 0.64)
0.62 (0.35, 1.12)
ES (95% CI)
0.83 (0.63, 1.10)
0.64 (0.50, 0.82)
0.90 (0.73, 1.11)
0.64 (0.62, 0.67)
0.77 (0.51, 1.17)
0.89 (0.67, 1.18)
0.67 (0.34, 1.33)
0.44 (0.36, 0.53)
0.59 (0.38, 0.93)
0.55 (0.50, 0.60)
100.00
3.30
3.20
4.23
3.16
0.83
4.23
2.97
2.61
2.65
1.52
4.35
4.16
3.44
1.72
1.00
3.85
1.88
3.86
2.01
3.44
4.00
3.98
1.67
Weight
3.22
3.43
3.66
4.41
2.41
3.22
1.35
3.78
%
2.22
4.27
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Figure 6 Forest plot of included hygiene interventions.
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Interventions reaching high sanitation coverage, that is
above 75%, in the community were associated with a
diarrhoea risk reduction of 45%. Also, sewer connections
were associated with larger diarrhoea risk reduction than
improved household sanitation (40% vs. 16%). In both
water and sanitation analyses, diarrhoea morbidity is
reduced further when the intervention is combined with
other components of WaSH.
Hygiene interventions reduce diarrhoea compared to
no intervention (30% reduction before adjustment for
non-blinding), but the 10% reduction found after adjust-
ment for non-blinding is not statistically signiﬁcant.
Limitations
Study limitations. We conducted systematic searches
across multiple databases for published literature but rel-
evant grey literature was only identiﬁed from the review
of historic systematic reviews or when supplied by sub-
ject-matter experts. There is a risk therefore that relevant
studies may have been missed although comparison with
previous systematic reviews suggests that our searches
were comprehensive.
Some of the meta-regression effect estimates – indicated
above (Table 3a and b) – are based on a small number of
studies and should be interpreted with caution. Effect
estimates for the transition from piped water to a contin-
uous piped supply are based on only two studies which
evaluated this change [32, 33] and the transition from
piped water to treated piped water is based on only one
study [34]. Of the two studies comparing continuous
piped to intermittent piped water, one is a cross-sec-
tional, non-intervention study [33]. We excluded this
study in a sensitivity analysis which led to a considerable
change in the effect estimate for this transition. Also, the
results of the sanitation and hygiene meta-analysis were
sensitive to excluding studies published before 2012 (hy-
giene and sanitation) and excluding non-randomised
studies (sanitation). Sanitation coverage of 75% was
reached in only ﬁve studies [35–39]. These ﬁve studies
are heterogeneous and include one combined water and
sanitation intervention and three sewered sanitation inter-
ventions. Larger effect estimates might therefore also be
due to study characteristics other than community cover-
age. As the evidence is scarce, the analysis of sanitation
coverage also does not take into account baseline sanita-
tion coverage or coverage in the control group – factors
that could substantially impact intervention effects. Effect
estimates for these transitions are likely to change as new
evidence emerges.
Usually, WaSH interventions are unblinded and often
rely on self-reported diarrhoea, which is likely to present
a high risk of biased reports of diarrhoea that can lead to
over-estimation of effect estimates [29, 30]. We attempt
to adjust for this limitation by adjusting point-of-use
drinking water and hygiene interventions for the assumed
effect of non-blinding bias. WaSH exposure classiﬁcation
is often poor. We could not, for example, always differ-
entiate between several types of unimproved sanitation
such as shared sanitation (of an otherwise acceptable
type), unimproved facilities and open defecation [3] as
this information is not clearly reported in many sanita-
tion studies and, indeed, comparison groups may be using
a broad range of facilities within a single study. It is pos-
sible that these different unimproved sanitation categories
exhibit different impacts on health [40–43]. Some studies
reported open defecation separately from other unim-
proved facilities and our analysis found no differential
impact on diarrhoea morbidity. This one-time binary
measure of mainly practising open defecation or mainly
using unimproved sanitation facilities is a simpliﬁcation
and might therefore be subject to ﬂuctuation and mea-
surement error. A community might have high access to
unimproved household sanitation but still many commu-
nity members might practise open defecation [44]. Simi-
larly, unsafe containment, emptying, transport and
treatment of faecal waste from improved facilities may
discharge excreta back into the environment.
Effectiveness trials of WaSH interventions have typi-
cally not achieved high coverage or high compliance [45].
This is particularly the case for recent studies of rural
onsite sanitation interventions: in Tanzania, latrine con-
struction rates increased only from 39% to 51% [46]; in
India, only around 40% of intervention households had a
functional or improved toilet post-intervention and use of
these facilities remained limited [47, 48]; and in Mali,
latrine coverage was 65% in the intervention arm vs.
35% in control households while open defecation
remained common [44]. None of the included studies
analyses a fully safely managed chain of excreta manage-
ment. Our effect estimates therefore remain a conserva-
tive estimate of the potential impact on diarrhoea
through interventions reaching high coverage and compli-
ance.
Limitations of the analysis. Results from meta-regression
are observational associations between variables and are
therefore prone to bias [49]. WaSH at baseline and out-
come was deﬁned at study level, although may vary
within the community. This can underestimate the true
baseline or outcome effect.
The I2 statistic, a measure of inconsistency across study
ﬁndings, was high in the water, sanitation and hygiene
analysis [50]. This is consistent with the substantial
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differences among the studies in terms of intervention
type and uptake, study methods, settings, populations,
pathogens present and transmission pathways dynamics.
We applied meta-regression techniques to explore the rea-
sons for this variance. Results suggest that only part of
the variance can be explained and that effect estimates
might vary substantially depending on study, intervention
and implementation characteristics.
Effect estimates included in this review are usually
based on intention-to-treat analysis which might again
underestimate the true health impact of WaSH interven-
tions which usually achieve low coverage and lower com-
pliance [45, 51]. Exposure reductions are inﬂuenced by
many factors such as baseline WaSH and changes in sup-
ply, use and maintenance. We tried to account for some
of these by examining baseline WaSH, time of follow-up
and further covariates. We did not, however, adjust effect
estimates for compliance which is crucially important for
any health impact. A modelling study on household
water treatment concluded that diarrhoea risk decreased
proportionally with pathogen removal only when compli-
ance was almost 100% [52, 53]. Assuming a compliance
of 80–90%, which is seldom reached in WaSH interven-
tions, diarrhoeal disease was much less reduced [52, 53].
However, compliance is often poorly measured or not
measured at all in WaSH intervention evaluations [4] and
can be assessed by self-report, observations or measure-
ments (e.g. chlorine in drinking water). Results will differ
according to which method is chosen and whether com-
pliance is assessed at a single time point or continuously
over time. Self-reported household water treatment users
in Zambia reported inconsistently on compliance to
household water treatment at two different time points
[54].
Our exposure scenarios for drinking water do not
include bottled or packaged water. Bottled water con-
sumption is estimated to have increased to 391 billion
litres in 2017 compared to 212 billion litres in 2007 [55].
Bottled water can show very small levels of faecal con-
tamination [3, 56–59] and was associated with decreased
risk for diarrhoea compared to piped water [60].
Research also showed that different kinds of bottled
water can exhibit very different diarrhoea disease risks
[61]. We did not include bottled water into our exposure
scenarios as there is little evidence from interventions of
its effect on diarrhoeal disease. The issue should, how-
ever, be given further attention and taken into account in
future estimates if evidence permits.
Our assessment is limited to diarrhoeal disease,
although systematic reviews have assessed the impact of
inadequate WaSH on many other health outcomes such
as soil-transmitted helminth infections [13], trachoma
[12] and schistosomiasis [62]. Additional beneﬁts, such as
livelihood impacts, impacts on well-being and environ-
mental consequences, are likely [2]. Furthermore, our
water and sanitation and, partially, hygiene analysis are
limited to household access and does not include health
impact from access to WaSH in institutions such as
schools and healthcare facilities.
We limited our search to studies on diarrhoea morbid-
ity rather than diarrhoea mortality as outcome in our
search strategy even though mortality studies can be con-
sidered a higher level of evidence, one reason being the
greater robustness of the outcome. However, the current
evidence base from mortality studies is weak, with very
scarce studies of generally limited quality. We are only
aware of three WaSH studies which report mortality
from diarrhoeal disease ([63, 64] and one unpublished
study described in Wagner and Lanoix [65]). None of
these studies would have met our inclusion criteria: two
studies were observational (one case–control study with-
out relation to a clearly speciﬁed intervention [63] and
one analysing cross-sectional data [64]) and for the
unpublished study not enough data were available to
judge eligibility.
General interpretation
Our results are broadly consistent with previous evidence.
A Cochrane review on interventions to improve water
quality for preventing diarrhoea found insufﬁcient evi-
dence for improved community water sources and
included no evidence of reliable piped water to house-
holds [7]. The same review found that POU water quality
interventions reduced diarrhoea by an average of 23%
for chlorination, 31% for ﬂocculation and disinfection,
38% for solar water treatment, 53% for biosand ﬁlters
and 61% for ceramic ﬁlters, all prior to adjustment for
non-blinding. Previous reviews on sanitation and diar-
rhoea estimated somewhat larger associations between
interventions aiming at improvements in sanitation and
diarrhoea [6, 8]. This might be partially due to a number
of recent effectiveness trials that did not signiﬁcantly
reduce diarrhoea [44, 46–48]. Our hygiene effect estimate
(not adjusted for non-blinding bias) is consistent with
unadjusted pooled estimates from a recent update of a
Cochrane review on hygiene interventions [66]. An analy-
sis of Demographic and Health Survey (DHS) data found
similar results of increased diarrhoea reduction of com-
bined WaSH interventions [67]. These estimates, consis-
tent with protective effects, are comparable to other
published estimates but are drawn from unblinded studies
relying on subjective outcomes and may therefore be
exaggerated due to biased reports of diarrhoea. We add
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to the available evidence as we present effect estimates
conditional on baseline access and adjusted for further
covariates and have moreover adjusted selected effect
estimates for potential bias arising from non-blinding.
We ﬁnd evidence for larger diarrhoea reduction for inter-
ventions reaching high sanitation coverage in the commu-
nity compared to those reaching low coverage. In previous
research [31, 68, 69], full community coverage was associ-
ated consistently with large diarrhoea reductions: a simula-
tion study estimated nearly 60% diarrhoea reduction for a
village with full sanitation coverage compared to a village
where everybody practices open defecation [68]. Similarly,
an analysis of Indian national data concluded a 47% diar-
rhoea reduction could be expected in children living in a
village with complete sanitation coverage compared to
children in villages without sanitation [31]. In both studies,
75% of the diarrhoea reduction was attributed to the indi-
rect or community effect that adequate sanitation has on
members of other households in the community. An analy-
sis of 29 Demographic and Health Surveys across sub-
Saharan Africa and South Asia found that below 60% cov-
erage, improved sanitation was associated with 18% and
at 100% coverage with 56% of diarrhoea reduction [69].
Sanitation coverage was also associated with improve-
ments in children’s anthropometric status [70, 71] and
reduced child mortality [72]. Introducing sewered sanita-
tion in low- and middle-income settings would be expected
to have positive health impacts, although care must be
taken that sewage is appropriately treated to avoid the
diarrhoeal disease burden being shifted ‘downstream’ to
the receiving communities [73].
We identiﬁed important evidence gaps while working
on this review and analysis. Impact evaluations should
report both diarrhoea mortality and morbidity and the
exact WaSH exposure both at baseline and follow-up in
terms of access and behaviour (e.g. access to facilities
and use). Sanitation interventions should aim to yield
high community coverage which is crucial for maximum
health gains and is important for adding evidence on the
direct and indirect health effects of sanitation. Studies
providing microbiologically high-quality piped drinking
water continuously to households are needed to estimate
which effect of safe drinking water on diarrhoea could be
maximally achievable. Studies achieving high compliance
and considering non-household exposures would be very
important to truly disentangle the effect of WaSH inter-
ventions on diarrhoea morbidity.
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Abstract
Background: Limited data have been available on the global practice of handwashing
with soap (HWWS). To better appreciate global HWWS frequency, which plays a role in
disease transmission, our objectives were to: (i) quantify the presence of designated
handwashing facilities; (ii) assess the association between handwashing facility presence
and observed HWWS; and (iii) derive country, regional and global HWWS estimates after
potential faecal contact.
Methods: First, using data from national surveys, we applied multilevel linear modelling
to estimate national handwashing facility presence. Second, using multilevel Poisson
modelling on datasets including both handwashing facility presence and observed
HWWS after potential faecal contact, we estimated HWWS prevalence conditional on
handwashing facility presence by region. For high-income countries, we used meta-
analysis to pool handwashing prevalence of studies identiﬁed through a systematic re-
view. Third, from the modelled handwashing facility presence and estimated HWWS
prevalence conditional on the presence of a handwashing facility, we estimated hand-
washing practice at country, regional and global levels.
Results: First, approximately one in four persons did not have a designated handwashing
facility in 2015, based on 115 data points for 77 countries. Second the prevalence ratio
between HWWS when a designated facility was present compared with when it was ab-
sent was 1.99 (1.66, 2.39) P<0.001 for low- and middle-income countries, based on nine
datasets. Third, we estimate that in 2015, 26.2% (23.1%, 29.6%) of potential faecal con-
tacts were followed by HWWS.
Conclusions: Many people lack a designated handwashing facility, but even among
those with access, HWWS is poorly practised. People with access to designated
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handwashing facilities are about twice as likely to wash their hands with soap after po-
tential faecal contact as people who lack a facility. Estimates are based on limited data.
Key words: Diarrhoea, hygiene, hand disinfection, handwashing facility, global estimates
Introduction
Handwashing with soap (HWWS) is an important public
health behaviour as it reduces exposure to faecal pathogens
and other infectious agents, thereby reducing gastrointesti-
nal1,2 and respiratory infections.3 Interventions that suc-
cessfully promote HWWS are considered very cost-
effective.4 However, HWWS was estimated to be practised
in only 19% of cases after potential faecal contact,
globally.1
The proportion of people using a handwashing facility
with soap and water on premises is a global indicator of
the Sustainable Development Goals (SDG indicator
6.2.1b).5 Country-representative data on this indicator are
collected in household surveys such as demographic and
health surveys (DHS) and multiple indicator cluster sur-
veys (MICS) and assessed through observation by enumer-
ators.6,7 The presence of handwashing materials at
household level was associated with observed HWWS,
hand cleanliness and child health.8–10 However, recent ran-
domized controlled trials of interventions which provided
handwashing materials and promoted handwashing with
soap, combined with improvements in drinking water and
sanitation, resulted in ambiguous health impacts.11–13 The
absence of a handwashing facility with soap and water on
premises does not preclude that hands are washed, but in
situations where the handwashing facility is located off-site
or water and soap need to be fetched, routine handwashing
after potential faecal contact, or other key times such as
before preparing food or eating, is less likely to occur.8
Handwashing practice recorded during structured
observations is considered the most reliable way to mea-
sure actual handwashing behaviours,14,15 though some
limitations exist with regard to bias.16 Structured observa-
tions are considered impractical to conduct routinely in na-
tional household surveys, given cost and logistical
constraints.7,16 This study quantifies the link between ob-
served HWWS and the presence of a designated handwash-
ing facility, defined as a specific place within the premises
of a household which has both soap and water. Previous
estimates of HWWS practice were based on research stud-
ies reporting observed handwashing prevalence after po-
tential faecal contact.1 These studies were usually not
nationally representative, were conducted in various set-
tings and were therefore not comparable between coun-
tries. The updatepresented here is based on nationally
representative household survey data that are harmonized
across countries and that cover an increasingly large num-
ber of countries around the world.
The purpose of this analysis was to quantify the current
state of global handwashing practice. To that end, we had
the following three objectives: (i) to quantify presence of
designated handwashing facilities at national, regional and
global levels; (ii) to assess the association between presence
of a designated handwashing facility and observed HWWS
at crucial time points; and (iii) to derive country, regional
and global estimates of HWWS practice after potential fae-
cal contact.
Key Messages
• One in four persons worldwide did not have access to a handwashing facility with soap and water on premises in
2015.
• In 2015, handwashing with soap occurred in about 26% after events of potential faecal contact, globally. In regions
with high access to handwashing facilities, handwashing with soap was performed by about 51%, and in regions
with more limited access, by about 22% after events of potential faecal contact.
• Though additional data and analyses are needed, quantifying the presence of handwashing facilities with soap and
water on premises may be used to estimate actual handwashing behaviour.
• Important gaps exist for country-representative data on presence of designated handwashing facilities and on hand-
washing behaviour at household level, for all regions of the world and particularly for high-income countries.
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Methods
We have summarized the key methodological approaches
below; but as this work uses various methods and analysis
steps, we have included a figure explaining the relationship
between the three objectives (Figure 1). An additional table
listing the methods used for each objective in detail is pro-
vided in the Supplementary Appendix A.0.1 (available as
Supplementary data at IJE online). We are following
guidelines for accurate and transparent health estimates
reporting (GATHER)17,18 and have included a GATHER
checklist in Supplementary Appendix A.0.2. Data analysis
code can be obtained from the corresponding author.
Objective 1: quantifying the presence of a
designated handwashing facility
We extracted country data on household presence of a des-
ignated handwashing facility from the WHO/UNICEF
Joint Monitoring Programme for Water Supply, Sanitation
and Hygiene (JMP) global database. This compiles data
collected through nationally representative household sur-
veys and censuses, and represents proportions of house-
holds that have a handwashing facility with soap and
water available on premises, i.e. within the dwelling, yard
or plot (defined above as and named within this manu-
script as a ‘designated handwashing facility’).19
We modelled a continuous time series of estimates for 194
countries using a two-level (data points clustered within coun-
tries) linear multilevel model (MLM) with a random intercept
by country. This approach allowed us to estimate values for
countries with and without data points. The dependent vari-
able (survey estimate of presence of a designated handwash-
ing facility) was logit-transformed to restrict estimates
between 0 and 1 (or between 0 and 100%). Covariates (fixed
effects) included in the model were a continuous time variable
(year, centred by its median), a factor variable indicating re-
gional grouping (the six WHO regions: AFR, AMR, EMR,
EUR, SEAR and WPR20) and a factor variable indicating the
country’s income level. Countries’ income levels were
grouped as low-, lower-middle-, upper-middle- and high-
income economies for the year 2015,21 as the main outcome
of the analysis was modelled country estimates for 2015.
Urban and rural areas were modelled separately. Estimates
for countries with no data point (n¼ 118, Table 1) were ex-
trapolated from the mean urban and rural values for the re-
spective year, region and income level (i.e. the model
prediction for the fixed part). Further model details are in-
cluded in Supplementary Appendix A.1.2 (available as
Figure 1. Overview of objectives, methods and results; HIC: high-income countrie; LMIC: low- and middle-income countries. Icons made by pongsa-
kornred, Freepik, and turkkub from www.ﬂaticon.com.
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Supplementary data at IJE online). Supplementary Appendix
A.3.4 (available as Supplementary data at IJE online) lists in
column H whether the modelled estimate is based on own
country values or whether it was extrapolated from the mean
value.
Confidence intervals (CIs) of the presence of a desig-
nated handwashing facility by urban and rural areas and
for countries with data points were derived using the
Monte Carlo method with random draws (n ¼ 10 000) of
the fixed and random effects coefficient sets and the 2.5
and 97.5 percentiles of the hereby created model predic-
tions. For countries without data points (thus without ran-
dom effect coefficients to be varied), confidence intervals
were approximated as 95% prediction intervals of a stan-
dard fixed effects linear model for the respective region.
The prediction interval PI was applied to the model output
(main estimate y) of the MLM to yield approximate lower
and upper confidence limits CL ¼ y6PI=2ð Þ. The MLM
was implemented in Stata 14.22 Confidence intervals for
urban and rural areas at country level were derived in R23
using the ‘arm’-package.24
Country estimates and their 95% CIs were derived us-
ing country population figures for urban and rural areas
from the United Nations Population Division (2017 revi-
sion).25 Country estimates were calculated as population-
weighted means of the urban and rural modelled values;
95% CIs were derived with standard formulae. The stan-
dard error (SE) at country level was estimated with an ap-
proach using the delta method which is described in detail
here26 for a similar context and in the Supplementary
Appendix (Equation A3), available as Supplementary data
at IJE online. The same approach was used to calculate re-
gional and global estimates and their 95% CIs.
As a sensitivity analysis, we modelled presence of a des-
ignated handwashing facility using only the more recent
survey data since 2009, as before 2009 handwashing meas-
urements in DHS and MICS had not yet been harmonized
across countries.7
The predictive performance of the model was
assessed using cross-validation.27 As modelled results
are presented for the year 2015, and as it was neces-
sary to extrapolate to many countries with no survey
point at all, leave-one-out cross validation was used for
the number n of countries with a survey point for the
year 2015 (country1,. . ., countryn). The model was fit-
ted n times, each time setting all survey points for
countryi as missing (countryi formed the ‘test set’ in
round n). Subsequently, countryi model prediction was
compared with countryi actual survey value for the
year 2015 and the root mean squared error across n
rounds was calculated.
Objective 2: assessing the association between
presence of a designated handwashing facility
and observed HWWS
Systematic review of observed HWWS prevalence after
potential faecal contact
We updated the results of our previous systematic review1
to identify any study that reported proportion of observed
HWWS after potential faecal contact, published from
August 2013 to February 2016, using PubMed, Embase
and ISI Web of Knowledge. No restrictions were placed on
language or study type. The search strategy was identical
to that in the previous review and used the following key-
words: [observ*] AND [hand wash*], [handwash*],
[soap]. The database search was supplemented with data
identified in a previous review28 and with additional
Google Scholar searches of author names identified during
the systematic database search. In addition, subject matter
experts were contacted for unpublished handwashing
observations.
We included any study that reported HWWS practice
assessed with structured observations in adults and chil-
dren. Though direct observation has shown to change par-
ticipant behaviours,16 this bias is lower than what has been
found with self-report.29 Therefore, studies were sought
that reported the observed prevalence of HWWS after us-
ing a toilet or after potential contact with human excreta
(including children’s excreta). There are several key events
for HWWS, including food preparation, eating or feeding
a child, but we focused on HWWS after potential contact
with faecal pathogens such as after defecation, after using
the toilet and after potential contact with child faeces.
Contrary to our previous systematic review, we excluded
handwashing observation studies in day care centres and
schools (pre-, primary, middle and high school) and refu-
gee camps, as such settings might not be representative for
handwashing at household level.
Table 1. Number of survey data points available by country
on proportions of households with an observed designated
handwashing facility
Number of countries Number of data pointsa
117 0
48 1
23 2
4 3
1 4
1 5
Total ¼ 194 Total ¼ 115
aA data point comprises one estimate for urban and rural areas separately.
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Studies were selected for inclusion using a two-step re-
view process. Titles and abstracts of all studies identified in
the search were screened for relevance. The full text of
each of the relevant articles was then reviewed, and studies
were excluded if they did not provide observational data
on the prevalence of observed HWWS. Data were
extracted from each study using a standard protocol and
included information on study setting (country), observa-
tion location (home or public setting), time frame of sur-
vey, population subgroup, sample size, a description of
how handwashing prevalence was measured and specific
prevalence estimates for any of the handwashing occa-
sions, such as after toilet use or after cleaning up after a
child. Characteristic of included studies and their referen-
ces are listed in Supplementary Appendix A.2.1 (available
as Supplementary data at IJE online).
Multilevel analysis of the association between presence of
a designated handwashing facility and observed HWWS
Inclusion criteria and study selection. For analysing the as-
sociation between presence of a designated handwashing
facility and HWWS, studies were assembled from the sys-
tematic review that reported both observed presence of a
designated place for handwashing and HWWS at critical
times (i.e. after faecal exposure and before food contact),
assessed through structured observations. Additional study
datasets were provided from subject matter experts.
Studies needed to fulfil the following further criteria to be
included in the analysis: (i) the study needed to be con-
ducted at household-level; (ii) in case of post-intervention
data, the control group needed to be identifiable; and (iii)
the study needed to have been conducted within the past
20 years (1998–2017).
In case of intervention data, we included data from
both intervention and control groups at study baseline if
available (e.g. Nepal, Zimbabwe30,31). However, in most
studies data on the observed designated handwashing facil-
ity and structured observations of HWWS were available
post-intervention only. From these studies, we used post-
intervention data and we used data from control house-
holds only. For the Zimbabwe study,31 data on observed
designated handwashing facilities and HWWS were avail-
able at study baseline and post-intervention. Here we
added post-intervention data from the control group in
case these households had not been included at baseline.
Exposure definition. The exposure of interest was defined
as an observed designated handwashing facility (defined
above as a designated place within the premises of a house-
hold which has both soap and water) that could include a
specific handwashing hardware, such as a tippy tap or
washbasin, or be any set place that householders consider
their designated handwashing place. Soap in this context
includes any kind of soap or detergent but excludes mud,
sand or ash. In most studies, householders were asked to
show the place where household members usually washed
hands and the presence of soap and water was observed. In
two datasets, information on the designated handwashing
facility was given for the primary and secondary (or ter-
tiary) handwashing facility (Nepal, Tanzania). In these
datasets, the main exposure was present (coded 1) when
soap and water were present at any of the observed hand-
washing facilities.
Outcome definition. The primary outcome was observed
HWWS after potential faecal contact. Both hands needed
to be washed with soap. Potential faecal contact in this
analysis includes visiting the toilet, defaecation and clean-
ing a child’s bottom or changing its nappies, but does not
include potential contact with animal faeces. Any hand-
washing occasion by any household member reported in
the primary studies and related to the respective exposure
was included in the analysis. Though the literature search
had focused on observed HWWS after potential faecal con-
tact, we also analysed the available data to investigate the
association between presence of a designated handwashing
facility and observed HWWS before food contact. Food
contact in this analysis includes preparing, cooking or serv-
ing food, eating, and feeding or breastfeeding a child. We
excluded handwashing observations when either the desig-
nated handwashing facility or HWWS could not be
observed.
Statistical analysis. To estimate adjusted prevalences and
prevalence ratios from binary outcome data, we used
Poisson regression with robust standard errors.32,33 We
used a three-level model (handwashing observations clus-
tered within households, households clustered within
countries (or studies) to estimate HWWS prevalence after
potential faecal contact, and to account for the clustering
of observations within households and countries (or stud-
ies). HWWS was included as a binary variable and coded
‘1’ if HWWS occurred after potential faecal contact and
coded ‘0’ if the respective contact occurred but hands were
not washed or not washed with soap or only one hand was
washed with soap. Presence or absence of a designated
handwashing facility was included as a binary variable.
Absence includes presence of a handwashing facility on
premises that are not equipped with soap and water, as
well as no place for handwashing on premises. As further
fixed effect covariates, we included binary variables for the
respective WHO region20 (Supplementary Appendix 1.1,
available as Supplementary data at IJE online). As determi-
nants for washing own hands might be different from
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washing children’s hands, we analysed data restricted to
handwashing occasions among adults. More details on the
model are included in Supplementary Appendix A.2.3
(available as Supplementary data at IJE online).
We used the ‘margins’ command in Stata34 to predict
adjusted HWWS prevalence after potential faecal contact
at regional level for households with and without a desig-
nated handwashing facility, for each region represented by
included studies (AFR, AMR, SEAR, and WPR).34 We pre-
dicted the average adjusted HWWS prevalence after poten-
tial faecal contact for households having or not having a
designated handwashing facility for the remaining regions
(low- and middle-income countries only) not represented
by included studies (EMR and EUR).34 To account for the
uncertainty of estimates for the latter, 95% prediction
intervals were approximated based on the standard devia-
tion of the available country-level adjusted prevalences.
Analyses were performed in Stata 14.22
High-income countries: meta-analysis of observed HWWS
prevalence after potential faecal contact
As the selected studies for the analysis of the association
between presence of a designated handwashing facility and
observed HWWS were conducted exclusively in low- and
middle-income countries, we conducted random effects
meta-analysis on observed HWWS prevalence after poten-
tial faecal contact in high-income country studies identified
in the systematic review, to approximate the proportion of
HWWS after potential faecal contact in those countries.
Objective 3: deriving country, regional and global
estimates of HWWS prevalence after potential
faecal contact
To estimate HWWS prevalence pHWWS after potential fae-
cal contact at country level for low- and middle-income
countries in 2015, we applied the following formula:
pHWWS ¼ pHWWS; HW place  pHW place
þpHWWS; no HW place  1 pHW place;
(1)
where pHWWS; HW place is the estimated HWWS prevalence
after potential faecal contact in the presence of an observed
designated handwashing facility (estimated at regional
level, Table 4), the proportion pHW place is the modelled es-
timate of presence of a designated handwashing facility at
country level and pHWWS; no HW place is the estimated
HWWS prevalence after potential faecal contact without
having a designated handwashing facility (Tables 2 and 4).
The estimates for pHWWS; HW place and pHWWS; no HW place
at country level are extrapolated from modelled results at
regional level (see objective 2). This projection from
regional to country level results in an increase of the confi-
dence intervals, just as the inverse operation—the aggrega-
tion from country to regional level—would lead to a
decrease, as the uncertainties at country level would par-
tially offset each other (Supplementary Appendix
Equations A3 and A.3.1, available as Supplementary data
at IJE online). For estimating HWWS prevalence after po-
tential faecal contact for high-income countries, the pooled
HWWS prevalence from the meta-analysis (objective 2)
was taken. To estimate the proportion of potential faecal
events that were followed by HWWS at regional and
global level for low-, middle- and high-income countries,
we calculated population-weighted means of the country
estimates. As we do not know the total number of potential
faecal contacts by country and region, we assume an equal
average number of faecal contacts by person across coun-
tries and regions, and use total population by country and
region to calculate the regional and global estimates. The
calculation of the 95% confidence intervals for these esti-
mates at country, regional and global levels is described in
Supplementary Appendix A.3.2, A.3.3 (available as
Supplementary data at IJE online).
As a sensitivity analysis, we re-calculated regional and
global handwashing prevalence, applying the approach for
low- and middle-income countries to high-income coun-
tries. We did so by using formula 1 for high-income coun-
tries, where pHW place is the modelled estimate of presence
of a designated handwashing facility for high-income
countries, pHWWS; HW place is the pooled estimate of hand-
washing prevalence from meta-analysis from all hand-
washing observation studies in high-income countries and
pHWWS; no HW placewas approximated with the mean hand-
washing prevalence without a designated handwashing fa-
cility from the analysis of the nine low- and middle-income
country datasets (Table 4).
Results
Objective 1: quantifying the presence of a
designated handwashing facility
Data availability
The dataset consisted of 115 data points for urban and ru-
ral areas each, over the time period 2000 to 2016. A total
of 77 countries had at least one data point available, in-
cluding 76 low- and middle-income countries [of those, 38
countries in the WHO African Region (AFR), 14 countries
in the WHO Region of the Americas (AMR), eight in the
WHO Eastern Mediterranean Region (EMR), eight in
the WHO European Region (EUR), five in the WHO
South-East Asia Region (SEAR) and three in the WHO
Western Pacific Region (WPR)] and one high-income
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country (Barbados).20 More information on the regional
grouping is listed in Supplementary Appendix A.1.1, avail-
able as Supplementary data at IJE online). Only 29 coun-
tries had more than one data point available, making it
difficult to determine trends (Table 1).
Modelled results of handwashing facility presence
Table 2 lists percentage of population having access to a
designated handwashing facility by area. We estimate that
in 2015, 73.5% of the world population had access to a
designated handwashing facility. In high-income countries,
95% of the population have access to a designated hand-
washing facility compared with 69.5% in low- and
middle-income countries. A similar difference is estimated
between urban and rural areas, with 84.1% in urban com-
pared with 61.2% in rural areas.
The root mean squared error (RMSE) from cross-
validation was 11.1% for urban and 7.3% for rural areas,
indicating that on average the model estimate for the year
2015 for a country without any survey point is respectively
11.1 and 7.3 percentage points away from the ‘true’ value
(which is approximated here with the survey point for
2015 for the respective country).
When modelling the presence of a designated hand-
washing facility based on uniformly collected data in
MICS/ DHS from 2009 onwards (removing 13 data points
for both urban and rural areas which originated from be-
fore 2009), the estimated percentage of population with
access to a designated handwashing facility changed only
slightly (AFR LMI: 17.1; AMR LMI: 83.0; EMR LMI:
66.4; EUR LMI: 95.9; SEAR LMI: 68.3; WPR LMI: 89.8;
urban: 84.1; rural: 60.1; low- and middle-income coun-
tries: 68.9; high-income countries: 94.9; world: 73.0).
Objective 2: assessing the association between
presence of a designated handwashing facility
and observed HWWS
Data availability
The systematic review identified a total of 42 studies of
which 15 were conducted in high-income countries
(Figure 2). Nine datasets (five studies were identified
through the systematic database search and three that had
not been published at the time of the analysis were pro-
vided from subject matter experts) from eight low- and
middle-income countries, in four out of six WHO regions,
reported both presence of a designated handwashing facil-
ity and structured observations of handwashing after po-
tential faecal contact, and thus were included in the
analysis of objective 2.
Multilevel analysis of the association between presence of
a designated handwashing facility and observed HWWS
The eight studies (providing nine datasets), reporting both
presence of a designated handwashing facility and structured
observations of handwashing after potential faecal contact,
were combined to estimate the association between presence
of a designated handwashing facility and HWWS after poten-
tial faecal contact. Data from Zimbabwe urban and rural
sites were different parts of one study from the same research
group. Table 3 lists characteristics of included studies.
Further suitable studies that were identified from the system-
atic search but not included in the analysis are listed, with
reasons for exclusion, in Supplementary Appendix A.2.4
(available as Supplementary data at IJE online).
The pooled dataset includes 3953 observed potential
handwashing occasions after potential faecal contact. Of
those, hands were washed with soap in 18.6% of potential
handwashing occasions. In the presence of a designated
handwashing facility, hands were washed with soap in
25% of potential handwashing occasions compared with
12% in the absence of a designated facility. The 28 obser-
vations with missing values in the variable indicating the
presence of a handwashing place with soap and water
(0.7% of all observations) were excluded from the analysis
(i.e. listwise deletion).
From the three-level Poisson model there was very
strong evidence (P<0.001) for an association between
presence of a designated handwashing facility and ob-
served HWWS after potential faecal contact in structured
observations. After taking account of the clustering of
Table 2. Percentage of population having access to a desig-
nated handwashing facility in 2015, by area
Area Percentage of population (95% CI)
with access to a designated
handwashing facility in 2015
AFR LMI 17.7 (14.8, 21.0)
AMR LMI 83.3 (72.2, 90.5)
EMR LMI 68.3 (59.2, 76.1)
EUR LMI 95.7 (91.8, 97.8)
SEAR LMI 69.4 (39.5, 88.7)
WPR LMI 89.6 (67.7, 97.3)
Urban 84.1 (75.6, 90.1)
Rural 61.2 (40.7, 78.3)
Low- and middle-income
countries
69.5 (56.8, 79.8)
High-income countries 95.0 (89.8, 97.7)
World 73.5 (63.2, 81.8)
AFR, WHO African Region; AMR, WHO Region of the Americas; EMR,
WHO Eastern Mediterranean Region; EUR, WHO European Region; SEAR,
WHO South-East Asia Region; WPR, WHO Western Paciﬁc Region; LMI,
low- and middle-income.
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observations in households and countries (or studies), and
after adjusting for study region, the prevalence of HWWS
where a designated handwashing facility was present was
1.99 (95% CI 1.66, 2.39) times higher than in the absence
of a designated facility, Note that in the absence of a desig-
nated handwashing facility, householders could still fetch
water and soap to wash their hands, use the neighbour’s fa-
cility etc..
There was also very strong evidence (P<0.001) for an
association between having a designated handwashing fa-
cility and observed HWWS before food contact (there were
a total of 12 052 potential handwashing occasions before
food contact, of which hands were washed in 5%). After
taking account of the clustering of observations in house-
holds and countries (or studies) and after adjusting for
study region, the prevalence of HWWS in presence of a
designated handwashing facility was present was 2.57
(95% CI 2.26, 2.92) times higher than in the absence of a
designated facility.
After restricting to adult handwashing, there remained
2578 observed potential handwashing occasions after po-
tential faecal contact and 7554 potential handwashing
occasions before food contact. Of those, hands were
washed with soap in 19.1% of potential handwashing
occasions after potential faecal contact and in 4% of po-
tential handwashing occasions before food contact. The as-
sociation between presence of a designated handwashing
facility and adult HWWS after potential faecal or before
food contact remained very strong (P <0.001) and of simi-
lar size compared with the analysis including data on child-
ren’s handwashing (prevalence ratios for HWWS after
potential faecal contact 2.02 (95% CI 1.77, 2.32) and be-
fore food contact 2.42 (1.96, 3.00)).
High-income countries: meta-analysis of HWWS preva-
lence after potential faecal contact
Supplementary Appendix A.2.1 (available as Supplementary
data at IJE online) includes citations, number of observed
HWWS events after potential faecal exposure, number of ob-
served faecal contact events and characteristics for all 15 stud-
ies in high-income countries included in random effect meta-
analysis. The pooled HWWS proportion after potential faecal
contact was 51% (95% CI: 43%, 59%) (independent of pres-
ence of a designated handwashing facility, Figure 3). The I2 of
99.5% indicates high heterogeneity of HWWS between stud-
ies.42 Subgroup meta-analysis by study region did not lead to
a relevant reduction of I2 (>95% within subgroups), which
resulted in the choice of the pooled estimate over all 15 stud-
ies. We additionally examined the 15 studies for potential out-
liers.43 Jeong 200744 was identified as outlier, and the removal
of this study changed the pooled estimate from 51% to 53%.
A forest plot of the meta-analysis of all studies identified in the
systematic review, separately by high- versus low- and middle-
income countries, is placed in Supplementary Appendix A.2.2
(available as Supplementary data at IJE online).
HWWS prevalence results by presence of a handwashing
facility and by region
Adjusted HWWS prevalences after potential faecal contact by
presence of a designated handwashing facility and by region
are given in Table 4. Predicted HWWS prevalences by pres-
ence/absence of a designated handwashing facility for low-
and middle-income regions are derived from the analysis de-
scribed in objective 2. Proportions of HWWS after potential
faecal contact for high-income regions are taken from the
meta-analysis of all identified studies in high-income coun-
tries described in the same objective. Supplementary
Appendix A.3.4 (available as Supplementary data at IJE on-
line) lists under column I how HWWS estimates were gener-
ated by country.
Objective 3: deriving country, regional and global
estimates of HWWS prevalence after potential
faecal contact
HWWS prevalences after potential faecal contact, by country
for low- and middle-income countries, are computed on the
basis of the estimates of presence of a designated handwash-
ing facility at country- evel (objective 1) and the adjusted re-
gional predictions of HWWS after potential faecal contact by
presence/absence of a designated facility (objective 2,
Table 4) using formula 1. For high-income countries, hand-
washing prevalence was estimated using the result from
meta-analysis (objective 2, Figure 2).
Using this approach, we estimate that, worldwide, 26.2%
of potential faecal contacts were followed by HWWS in 2015
(Table 5). Country estimates for HWWS after potential faecal
contact are provided in Supplementary Appendix A.3.4
(available as Supplementary data at IJE online).
When calculating the regional (high-income countries)
and global proportions of faecal contacts followed by
HWWS using formula 1 as described above (sensitivity
analysis described in Methods) also for high-income coun-
tries, estimates changed only slightly (48.7% instead of
50.6% for high-income countries and 25.9% instead of
26.2% for the world).
Discussion
This analysis shows that 27% of the world population—
nearly two billion people—lack a designated handwashing
facility (objective 1). People who have access to a designated
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handwashing facility, defined here as a specific place
within the premises of a household which has both soap
and water, are about twice as likely to wash hands with
soap after potential faecal contact and 2.6 times as likely to
wash hands with soap before food contact, compared
with people without a designated facility (objective 2).
Only 26% of potential faecal contacts (i.e. after visiting
the toilet, after defaecation, after cleaning a child’s
bottom or changing its nappies) were followed by HWWS
(objective 3).
We provide country, regional and global HWWS esti-
mates after potential faecal contact. These estimates are
based on modelled estimates of survey data on the presence
of designated handwashing facilities. The modelled esti-
mates were converted to estimated HWWS practice using
predicted handwashing prevalence in the presence or ab-
sence of a designated handwashing facility.
Compared with our previous estimate of 19% HWWS
after potential faecal contact,1 the estimates from the cur-
rent analysis presented here are slightly higher. Whereas it
is possible that a real global trend exists due to efforts of
improving HWWS after potential faecal contact globally,45
it is more likely that this new estimate represents our re-
vised and improved modelling approach. We use a revised
and extended methodology compared with our assessment
in 2012 which had relied solely on a systematic review of
observed HWWS. We now use country-representative data
on presence of essential handwashing materials at a desig-
nated handwashing facility, converting them into hand-
washing practice based on an analysis of the association
between presence of a designated handwashing facility and
handwashing behaviour. Many more countries are now
covered by national data compared with the previous ap-
proach (76 versus 28 low- and middle-income countries).
Strengths and limitations
Objective 1
The estimates for presence of a designated handwashing fa-
cility are based on 115 data points. For 118 of 194 coun-
tries there was no data point, and for 48 countries there
was only one data point. Trends over time were estimated
based on the overall trend from available data points. For
countries with no data, the mean for the respective region
and income group was used. As such, the reliability of esti-
mates for different regions and countries varies. Results
from cross-validation showed, however, that the model
predicted was sufficiently close to the actual survey data
point even for countries with no data point. Our modelling
approach offers several advantages, including a single
model for all countries, a continuous time series and the
use of information from other country data for countries
with few data or no data.
Objective 2
Estimates for the association between presence of a desig-
nated handwashing facility and observed HWWS are de-
rived by regions and are based on nine datasets from eight
heterogeneous studies in low- and middle-income coun-
tries, covering various subgroups of populations in four
out of six regions. For EMR and EUR regions, HWWS
practice was assumed as the average adjusted predicted
prevalence based on all included studies. As such, estimates
of the association between presence of a designated hand-
washing facility and observed HWWS are based on limited
evidence. However, the proportion of observed HWWS is
consistently low across the nine datasets (Table 3). The
African region is covered by four datapoints which are all
lower than any other datapoint for any different region.
Table 4. Predicted HWWS prevalence by presence of a designated handwashing facility and by region
Predicted HWWS (95% CI) after potential faecal contact (proportion)
Area In households without designated
handwashing facility
In households with designated
handwashing facility
AFR, LMI 0.071 (0.033, 0.110) 0.142 (0.056, 0.227)
AMR, LMI 0.198 (0.165, 0.231) 0.394 (0.362, 0.426)
EMR, LMI 0.128 (0.040, 0.337) 0.254 (0.078, 0.578)
EUR, LMI 0.128 (0.040, 0.337) 0.254 (0.078, 0.578)
SEAR, LMI 0.163 (0.144, 0.182) 0.325 (0.277, 0.373)
WPR, LMI 0.090 (0.074, 0.107) 0.180 (0.167, 0.193)
High-income countries 0.506 (0.426, 0.585)a
Values for LMI regions are predicted adjusted prevalences at representative (regional) values (AFR, SEAR and WPR) and average (pooled across regions) ad-
justed prevalence (AMR, EMR and EUR) calculated from the multilevel logistic model.
HWWS, handwashing with soap; AFR, WHO African Region; AMR, WHO Region of the Americas; EMR, WHO Eastern Mediterranean Region; EUR,
WHO European Region; SEAR, WHO South-East Asia Region; WPR, WHOWestern Paciﬁc Region; LMI, low- and middle-income.
aValue taken from meta-analysis on studies in high-income countries (objective 2, Figure 2).
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Removing one of the datasets at a time changed the pre-
dicted mean HWWS after potential faecal contact only to a
minor extent [from 0.25 predicted HWWS in households
with a basic handwashing facility, including all studies to a
minimum of 0.2 (excluding Nepal), and to a maximum of
0.27 (excluding Viet Nam)]. Furthermore, overall hand-
washing prevalence after potential faecal contact—irre-
spective of handwashing facility presence—across the nine
datasets, taking account of clustering within studies, is
14%, which is close to the pooled estimate of 17% from
all 27 observations from low- and middle-income coun-
tries. This indicates that HWWS rates across these settings
are consistently low (forest plot in Supplementary
Appendix A.2.2, available as Supplementary data at IJE
online).
Of the 15 studies conducted in high-income countries,
there was only one46 that was conducted at household
level; the rest were conducted in public settings, which may
limit their generalizability to the household setting. In the
one household-level study, hands were washed with soap
in about 80% after visiting the toilet but only in 42% after
changing a dirty nappy.46 Studies conducted in public set-
tings will mostly include potential handwashing occasions
after visiting the toilet, whereas household-level studies
will also include occasions after cleaning a child’s bottom
or changing its nappies. In the household-level study, 57%
of potential faecal contacts were followed by HWWS,
which is however close to the pooled estimate of 51% for
all high-income countries, and close to the handwashing
prevalence found for a study conducted in the same
Figure 2. PRISMA ﬂow chart35 of selection process of handwashing observation studies.
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country but in a public setting.47 The I2 statistic, a measure
of inconsistency across study findings,42 was very high,
which indicates that results for individual high-income
countries might vary to a larger extent from the pooled es-
timate, and likely reflects substantial differences among the
studies in terms of study design and methods, settings and
populations.
Objective 3
This study provides important input to the SDG indicator
3.9.2 (Mortality from water, sanitation and hygiene),5esti-
mating population exposures to inadequate handwashing
practices. HWWS estimates are based on a novel approach
using country-representative data on presence of a desig-
nated handwashing facility, converting them into actual
handwashing practice. We assumed that the average num-
ber of potential faecal contacts per person was the same
across regions but might not be correct for different rea-
sons, e.g. different number of children per caregiver. Due
to data scarcity for high-income countries, the estimate of
HWWS for high-income countries is not based on mod-
elled estimates from national household surveys (as are the
estimates for low- and middle-income countries), but only
on smaller observational studies reporting handwashing
behaviour. The sensitivity analysis using modelled esti-
mates for high-income countries yielded, however, very
similar estimates for HWWS practice.
Further discussion
This analysis proposes an approach for estimating HWWS
practice after potential faecal contact, including after toilet
use, which is based on adjusted nationally representative
household survey data and the probability of HWWS by
presence/absence of a designated handwashing facility.
We quantify the presence and importance of designated
handwashing places as a crucial first step for achieving the
desired handwashing behaviour. This analysis suggests
that data on the presence of designated handwashing facili-
ties at household level could be used to assess actual
Figure 3. Forest plot of handwashing observation studies in high-income countries.
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handwashing behaviour when handwashing facility pres-
ence is adjusted by the association with actual observed
handwashing. This could be highly valuable for aggregated
HWWS estimates (i.e. at country level) because data on
handwashing facility presence are reliable and efficient
and—whereas structured observations can estimate hand-
washing behaviour directly—structured observations are
also too time consuming to be integrated in national data
collection.6,14 This analysis also suggests that using hand-
washing facility presence for estimating handwashing be-
haviour, without further adjustment, would grossly
overestimate actual handwashing prevalence, as we show
that in low- and middle-income countries only 25% of po-
tential faecal contacts in households with access to a desig-
nated handwashing facility are followed by HWWS. We
show that HWWS practice after potential faecal contact is
low, in particular in low- and middle-income-countries but
also in high-income countries. There are further substantial
differences between HWWS in sub-Saharan Africa (WHO
AFR region) and low- and middle-income countries from
other regions. In sub-Saharan Africa, access to designated
handwashing facilities is much lower than in other world
regions (Table 2). Even in the presence of a designated
handwashing facility, HWWS was lower in sub-Saharan
Africa compared with other low- and middle-income
regions (12% versus 29% of all potential faecal contacts).
Given that HWWS is associated with the risk of diarrhoea
and acute respiratory infections,48,49 it is important to take
action at national and international levels to reduce this
important global public health risk.
Conclusions
HWWS is practised in around 26% of cases after potential
faecal contact. To effectively promote HWWS, there is a
need to increase handwashing facilities equipped with soap
and water in or around the home. As HWWS remains lim-
ited even in the presence of a designated handwashing fa-
cility, efforts to promote handwashing behaviour need to
be conducted simultaneously. This analysis uses nationally
representative survey data and derived HWWS estimates,
and is in line with individual HWWS observation studies.
It suggests that the presence of a designated handwashing
facility could be used to estimate actual handwashing be-
haviour. However, our estimates are based on limited data,
i.e. 115 survey data points covering 77 countries for access
to designated handwashing facilities and nine datasets
from eight low- and middle-income countries, to analyse
the association between presence of a designated hand-
washing facility and observed handwashing behaviour.
There is a need for greater data availability on hand hy-
giene, in particular for: (i) data at household level reporting
observed handwashing behaviour, including reporting of
the presence of handwashing facilities for low-, middle-
and especially high-income countries; and (ii) nationally
representative data on presence of handwashing facilities
for high-income countries and those low- and middle-
income countries not yet covered by such data.
Supplementary Data
Supplementary data are available at IJE online.
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A B S T R A C T
Objectives: The impact on diarrhoea of sanitation interventions has been heterogeneous. We hypothesize that
this is due to the level of prevailing faecal environmental contamination and propose a Faecal Contamination
Index (FAECI) of selected WASH indicators (objective 1). Additionally, we provide estimates of the proportion of
the population living in communities above certain sanitation coverage levels (objective 2).
Methods: Objective 1: Faecal contamination post-intervention was estimated from WASH intervention reports.
WASH indicators composing the FAECI included eight water, sanitation and hygiene practice indicators, which
were selected for their relevance for health and data availability at study- and country-level. The association
between the estimated level of faecal environmental contamination and diarrhoea was examined using meta-
regression. Objective 2: A literature search was conducted to identify health-relevant community sanitation
coverage thresholds. To estimate total community coverage with basic sanitation in low- and middle-income
countries, at relevant thresholds, household surveys with data available at primary sampling unit (PSU)-level
were analysed according to the identiﬁed thresholds, at country-, regional- and overall level.
Results: Objective 1: We found a non-linear association between estimated environmental faecal contamination
and sanitation interventions’ impact on diarrhoeal disease. Diarrhoea reductions were highest at lower faecal
contamination levels, and no diarrhoea reduction was found when contamination increased above a certain
level. Objective 2: Around 45% of the population lives in communities with more than 75% of coverage with
basic sanitation and 24% of the population lives in communities above 95% coverage, respectively.
Conclusions: High prevailing faecal contamination might explain interventions' poor eﬀectiveness in reducing
diarrhoea. The here proposed Faecal Contamination Index is a ﬁrst attempt to estimate the level of faecal
contamination in communities. Much of the world's population currently lives in faecally contaminated en-
vironments as indicated by low community sanitation coverage.
1. Introduction
Drinking water, sanitation and hygiene (WASH) interventions may
amongst others provide community water access or household water
connections, source or point-of-use water quality improvements, on-site
sanitation or sewer connections, handwashing promotion or general
hygiene education (Fewtrell et al., 2005). These interventions have
been shown to improve health (Freeman et al., 2017; Prüss-Ustün et al.,
2008; Wolf et al., 2018a) and to have many non-health beneﬁts such as
improvements in equity, dignity, safety, time savings and cognitive
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development, educational attainment and national economic and
overall development (Bapat and Agarwal, 2003; Bartram and
Cairncross, 2010; Sclar et al., 2017). Access to safely managed sanita-
tion services, i.e. toilets from which excreta are treated and disposed of
safely, is therefore part of Sustainable Development Goal (SDG) 6
(United Nations, 2018).
Recent large, well-designed and well-conducted WASH trials and
intervention studies, which included sanitation improvements with
high intervention ﬁdelity, did however not yield expected eﬀects on
diarrhoeal and nutritional outcomes (Humphrey, 2018; Luby et al.,
2018; Null et al., 2018; Reese et al., 2018), which motivated ongoing
discussions among researchers, practitioners and funders (Arnold et al.,
2018; Coﬀey and Spears, 2018; Cumming and Curtis, 2018; Rosenboom
and Ban, 2018a, 2018b).
It has long been argued that the - measurable - impact of WASH
interventions on diarrhoea depends on the number and type of faecal
pathogens that people are exposed to through a variety of transmission
pathways in their homes and communities (Briscoe, 1984; VanDerslice
and Briscoe, 1995) (Fig. 1). In communities with very high levels of
faecal contamination, an intervention that successfully reduces faecal
exposure through one exposure pathway might still translate in no or
only slight diarrhoea reduction, in particular if other important path-
ways remain (VanDerslice and Briscoe, 1995). The SaniPath study, for
example, has provided insights into pathways of exposure to faecal
contamination, has revealed high levels of faecal environmental con-
tamination in low-income settings and identiﬁed the consumption of
contaminated food as the main fecal exposure pathway for children
(Robb et al., 2017). Another example is faecally contaminated drinking
water, which can result from inadequate sanitation and hygiene and
which has been shown to be a frequent problem even in so-called
“improved” drinking water sources (Bain et al., 2014). Public and oc-
cupational settings might oﬀer important additional exposure routes
through for example contaminated soil and open drains (Antwi-Agyei
et al., 2016; Berendes et al., 2018).
There is consistent and considerable evidence that entire commu-
nities beneﬁt from sanitation improvements in individual households,
e.g., (Andres et al., 2014; Fuller et al., 2016; Garn et al., 2018; Jung
et al., 2017a; Larsen et al., 2017; VanDerslice and Briscoe, 1995). The
health impacts from sanitation might even primarily result from pro-
tective eﬀects on the community rather than from direct beneﬁts to
individual households (Andres et al., 2014; Fuller and Eisenberg, 2016;
Harris et al., 2017). High community coverage of sanitation might be
especially important for densely-populated areas with frequent person-
to-person contact and little free space (Berendes et al., 2017).
This paper is motivated by two main objectives: The ﬁrst is to es-
timate faecal environmental contamination post-intervention from sa-
nitation intervention reports and to use these estimates to explain
heterogeneous impacts on diarrhoeal disease. For this purpose we
propose for the ﬁrst time a Faecal Contamination Index (FAECI) of se-
lected WASH indicators. The second objective is to provide country,
regional and overall estimates of the proportion of the population living
in communities above a certain level of coverage with basic sanitation
services with a focus on low- and middle-income countries to complete
data on faecal environmental contamination in general and on WASH
indicators used for the FAECI.
2. Methods
2.1. Estimation of faecal environmental contamination using a composite
index and assessing the association between faecal contamination and the
impact of sanitation interventions on diarrhoeal disease
2.1.1. Construction of the Faecal Contamination Index (FAECI)
A set of WASH indicators was selected to develop a Faecal
Contamination Index (FAECI), on the basis of biological plausibility,
demonstrated association with diarrhoeal disease (Ram et al., 2014;
Wolf et al., 2018a), data availability at country-level and frequent re-
porting in research trials. Since poor sanitation is a primary cause of
faecal environmental contamination, half of the eight indicators relate
to sanitation practices. Two indicators were selected for drinking water
and two for hand hygiene. Seven of the indicators refer to the propor-
tion of the population (at the scale of the intervention) that:
Fig. 1. The health impacts from unsafe sanitation through various transmission pathways (Figure taken from (WHO, 2018a)), * Refers to animals as
mechanical vectors. Transmission of animal excreta-related pathogens to human hosts is not represented in this diagram.
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1. practice open defecation or unsafe disposal of child faeces (S1),
2. use or have access to basic sanitation services, i.e., improved sani-
tation facilities that are not shared between two or more households
(S2),
3. use or have access to safely managed sanitation services, i.e., basic
sanitation services that ensure safe disposal or safe transport and
treatment of excreta (S3),
4. use or have access to basic drinking water services, i.e., water from
improved sources that require no more than 30min to collect water
from (W1),
5. use or have access to safely managed water services, i.e., improved
sources accessible on premises, which provide water free from
contamination and available when needed (W2),
6. have access to basic handwashing facilities, i.e., handwashing fa-
cilities with soap and water on premises (H1),
7. wash hands with soap after potential faecal contact (H2).
An eighth indicator (S4) refers to community sanitation coverage,
i.e. the proportion of the population within a community that uses or
has access to basic sanitation services. The eight indicators are shown in
Fig. 2.
Indicators S2, S3, S4, W1 and W2 refer to either use of or access to
services dependent on the information available from the study report.
S1 and H2 are indicators of behaviours whereas H1 assesses access to
services. More information on the indicators and scoring of interven-
tions is provided in Table 1. We subjectively chose 75% and 50% as the
cut-oﬀ values for most indicators as a simpliﬁed approach and in order
to get a good distribution of scores. S1 (open defection/unsafe child
faeces disposal), S3 (safely managed sanitation services) and W1 (basic
drinking water services) received more stringent cut-oﬀ values because
we assumed high potential faecal contamination of the environment
from open defecation and unsafely managed sanitation services (WHO,
2018a). Most of the world's population is now covered with improved
drinking water sources (WHO and UNICEF, 2017), which are however
often faecally contaminated (Bain et al., 2014). A rather high cut-oﬀ
value for W1 ensured a better distribution of scores. Improved drinking-
water and sanitation facilities are deﬁned following the JMP (WHO and
UNICEF, 2017).
The ﬁrst six indicators are assessed regularly (S1: only open defe-
cation) through nationally-representative household surveys and are
compiled and reported globally by the JMP every two years (WHO and
UNICEF, undated). Child faeces are considered safely disposed of if the
child him/herself uses a toilet or latrine, or if another person puts or
rinses the child's faeces into a toilet or latrine (Water and Sanitation
Program, 2015). The proportion of the population using safely managed
drinking water services, safely managed sanitation services and a
handwashing facility with soap and water are global indicators of the
Sustainable Development Goals (SDG indicator 6.1.1 and 6.2.1) (United
Nations, n.d.). The population using basic drinking water and sanitation
services, and with access to handwashing facilities also contribute to
monitoring of SDG targets on poverty (indicator 1.4.1). Structured
observation of handwashing with soap after potential faecal contact is
considered the most reliable way to measure actual hand hygiene be-
haviour (Luby et al., 2011; Ram, 2013) and has been estimated by
country for the year 2015 based on the JMP global database and na-
tionally-representative household surveys (Wolf et al., 2018b) (H2).
The proportion of community sanitation coverage (S4) has recently
been examined as an important determinant for reducing diseases and
other health conditions related to basic sanitation services (Jung et al.,
2017a; Larsen et al., 2017; Wolf et al., 2018a). Community sanitation
coverage represents a distinct pathway for faecal contamination from
household-level sanitation (S2). Estimates of community sanitation
coverage are now being presented in this work at national, regional and
overall level for low- and middle-income countries (Objective 2).
2.1.2. Estimating faecal environmental contamination in published
sanitation intervention studies using the FAECI
The potential level of faecal environmental contamination using the
FAECI was estimated in sanitation interventions identiﬁed in a recent
systematic review (Wolf et al., 2018a). This review included sanitation
Fig. 2. WASH indicators for assessing faecal environmental contamination.
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interventions that reported the eﬀect on diarrhoea morbidity of any
improvements in sanitation access or use conducted at the level of the
household or community. Interventions in non-household settings such
as schools, healthcare facilities, or workplaces were not included. In-
terventions needed to be tested against a control group that did not
receive the respective intervention(s) or that received a control or
placebo intervention. Eligible study designs included randomized con-
trolled trials, quasi-randomized and non-randomized controlled trials
when baseline data on the main outcome were available, case–control
and cohort studies when they were related to a clearly speciﬁed
Table 1
Indicators for assessing faecal environmental contamination: scoring and further information.
WASH category Scoring [number of points]a Notes
Sanitation (percentages usually relate to percentage of
population)
S1. Open defecation (OD)/unsafe child
faeces disposal
[0] < 5% OD, unsafe child faeces disposal
[1] 5%–10%
[2] > 10% OD
If open defecation was not directly reported in the study, we used information
on sanitation coverage and reported use of toilets. If child faeces disposal was
not reported in the study we assumed that there was no unsafe child faeces
disposal.
S2. Basic sanitation services [0] ≥75% use or access to basic sanitation services
[1] ≥50%-< 75%
[2] < 50%
This indicator usually measures the proportion of the study population that has
been provided with or that uses the intervention facilities. It also reﬂects
functionality of services if such information is available.
S3. Safely managed sanitation services [0] < 5% use or access to unsafely managed
sanitation (such as open drains/ﬂush on street) [1]
5%–10%
[2] > 10%
Due to data constraints, this indicator assesses evidence against safe
management of sanitation facilities (such as open drains, overﬂowing toilets,
unimproved facilities). Sanitation facilities were assumed to be safely managed
when the three following conditions were met: there was no indication of unsafe
management, intervention facilities were basic sanitation services and the
majority of the study group was covered with these facilities. The same cut-oﬀs
for scoring as for OD/unsafe child faeces disposal are applied as we assumed
high potential faecel contamination from facilities with evidence against safe
management.
S4. Community coverage with basic
sanitation services
[0] ≥75% community coverage with basic
sanitation services
[1] ≥60%-< 75%
[2] < 60%
This indicator assesses coverage with the intervention facilities of the whole
community. It is referring to use of sanitation if such information is available.
Drinking water
W1. Basic drinking water services [0]≥ 90% use or access to a basic drinking water
service
[1] ≥75%-< 90%, or≥ 90% but evidence for
household water storage
[2] < 75%
Basic drinking water services are deﬁned as improved drinking water sources
from which water is available in < 30min round-trip (WHO and UNICEF,
2017). As the time to collect water is often not reported in intervention studies,
we use here the proportion of improved drinking water sources without the
information on distance. If information on this indicator was not available from
the study, it was replaced with country-representative data for the respective
country, setting and year (WHO and UNICEF, undated).
W2. Safely managed drinking water
services
[0] ≥75% use or access to safely managed drinking
water services
[1] ≥50%-< 75%
[2] < 50%
Safely managed drinking water services include water that is accessible on
premises, available when needed and free from contamination. As the
continuity of supply is often not reported in sanitation interventions studies,
safely managed drinking water services are operationalized as the proportion of
improved drinking water supplies on premises that is free from contamination.
If information on this indicator is not available from the respective study, it has
been replaced with country-representative data for the respective country,
setting and year (WHO and UNICEF, undated).
Hygiene
H1. Basic handwashing facilities [0]≥ 75% access to basic handwashing facilities
[1] ≥50% - < 75%
[2] < 50%
This indicator measures access to a handwashing facility on premises that is
equipped with water and soap. If presence of basic handwashing facility was not
given, the value was replaced with country representative JMP data for the
respective country, setting and year (WHO and UNICEF, undated) or from an
analysis modelling the presence of basic handwashing facilities at country level
(Wolf et al., 2018b).
H2. Handwashing with soap after
potential faecal contact
[0] ≥75% wash hands with soap after potential
faecal contact
[1] ≥50% - < 75%
[2] < 50%
This indicator reﬂects observed handwashing with soap (HWWS) after potential
faecal contact. If observed HWWS is not reported, the indicator was
approximated by reported HWWS or by the proportion of basic handwashing
facilities (Wolf et al., 2018b)
a A high score represents high estimated faecal contamination.
Table 2
Search terms for literature search.
Search terms
Construct 1 (prevalence[tw] OR incidence[tw] OR risk[tw] OR exposure[tw] OR exposed[tw] OR outcome[tw] OR epidemiology[tw] OR epidemiological[tw] OR impact
[tw] OR eﬀect[tw] OR evaluation[tw] OR odds[tw])
Boolean operator AND
Construct 2 (neighbourhood[tiab] OR neighbourhoods[tiab] OR neighborhood[tiab] OR neighborhoods[tiab] OR village[tiab] OR villages[tiab] OR community[tiab] OR
communities[tiab] OR “herd protection”[tiab] OR “herd protective”[tiab] OR coverage[tiab])
Boolean operator AND
Construct 3 (toilet*[tiab] OR latrine*[tiab] OR pit[tiab] OR pits[tiab] OR sanita*[ tiab] OR feces[tiab] OR faeces[tiab] OR fecal[tiab] OR faecal[tiab] OR excre*[tiab] OR
sewage[tiab] OR sewer*[tiab] OR sewerage[tiab] OR open defecation"[tiab] OR Toilet Facilities"[MeSH] OR Toilet Training"[MeSH] OR Sanitation[MeSH]
OR Feces[MeSH] OR Sewage[MeSH])
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intervention and studies using time-series designs (Wolf et al., 2018a).
Additionally to the interventions identiﬁed from the systematic review
(Wolf et al., 2018a), more recently conducted sanitation and WASH
trials and intervention studies based on the same inclusion criteria were
included (Table 3). When a study made sanitation interventions in both
a combined WASH and an exclusive sanitation intervention arm, we
selected the exclusive sanitation arm. Each study was evaluated on each
of the eight WASH indicators both in the intervention (after the inter-
vention) and the control group. Each indicator was given a score de-
pending on the level of (assumed) faecal contamination for the re-
spective indicator, between zero and two points. Missing information
on hygiene or drinking water was extrapolated for the respective
country, year and region (urban or rural) from national mean values
(WHO and UNICEF, undated; Wolf et al., 2018b). Two raters (AP and
JW) independently assessed each study. Discrepancies were discussed
and – in case no agreement could be reached – a third person consulted
(RJ). The scores of all indicators were added up giving equal weight to
each indicator. A large FAECI score represents high estimated faecal
contamination in the community or the environment.
2.1.3. Analysis of the association between estimated faecal contamination
(using the FAECI) and the eﬀectiveness of sanitation interventions on
diarrhoeal disease
Relative risk estimates for diarrhoeal disease prevalence or in-
cidence were extracted from a recent systematic review (Wolf et al.,
2018a) or directly from the sanitation interventions if not included in
the review. As odds ratios can overstate the estimated intervention ef-
fect (Davies et al., 1998), these were converted to risk ratios using the
control group risk as given in the respective paper (Higgins and Green,
2011; Zhang and Kai, 1998). Meta-regression analysis was used to as-
sess the association between the relative risk estimates as outcome and
the FAECI as continuous explanatory variable. To assess a hypothesized
non-linear relationship between the relative risk estimates and the
FAECI, a squared term of the FAECI was introduced in the meta-re-
gression model. Because of the limited number of studies (n=17) we
decided a-priori that no further polynomials would be tested. We
however examined the eﬀect of urban versus rural setting (binary
variable), combined WASH versus exclusive sanitation interventions
(binary variable) and the size of the diﬀerence between the FAECI
scores in intervention and control group (“delta FAECI”, continuous
variable). We also examined the association between the relative risk
estimates and the delta FAECI, i.e., the diﬀerence between the FAECI
score in the intervention and the control group, as single predictive
variable – in the meta-regression model. Data analysis was performed
using Stata 14 (StataCorp, 2015). Studentized deleted residuals were
examined for each study visually departing from the overall trend to
examine potential outliers, which can distort results and conclusions
from any meta-analytic model (Viechtbauer and Cheung, 2010).
2.2. Estimation of country, regional and total proportions of the population
from low- and middle-income countries living in communities in which basic
sanitation coverage exceeds a deﬁned threshold
2.2.1. Literature search to establish health-relevant community sanitation
coverage thresholds
We searched PubMed (in January 2018) combining both MeSH
terms and keywords in order to identify studies assessing health eﬀects
from improving sanitation services at various community coverage le-
vels (Table 2). We restricted the search to the last 10 years and excluded
animal studies (used the humans ﬁlter in PubMed).
Sanitation coverage in a community is deﬁned here as the propor-
tion of people in a community that use basic sanitation services. A
community has been deﬁned as a “group of people with diverse char-
acteristics who are linked by social ties, share common perspectives,
and engage in joint action in geographical locations or settings”
(MacQueen et al., 2001). Communities in the current analysis are
represented by the survey clusters, or primary sampling units (PSUs),
which usually consist of geographic areas that group together ap-
proximately 100 households (ICF International, 2012).
2.2.2. Data extraction from national household surveys
We searched the JMP household survey data repository in July 2017
for relevant microdata at PSU-level from Demographic Health Surveys
(DHS) (The DHS Program, undated) or Multiple Indicator Cluster Sur-
veys (MICS) (UNICEF, undated), for 195 countries and territories col-
lected since 1998 and containing information on household sanitation
access and on data sampling (i.e. specifying the PSU and household
weights). When several household surveys with relevant microdata at
PSU-level were available we only extracted data from the most recent
survey. Extracted data was substituted, if available, by harmonized ﬁles
prepared by the JMP after speciﬁc country consultations. For ﬁve
countries (Nicaragua, Ecuador, Brazil, China, and Sri Lanka) non-DHS/
non-MICS survey data were used as they contained the relevant data
and DHS or MICS survey data were not available or had been collected
a longer time ago (Nicaragua: ENDESA (Encuesta Nicaragüense de
Demografía y Salud) 2011 (UNFPA Nicaragua, 2016); Ecuador: EN-
EMDU (Encuesta Nacional de Empleo, Desempleo y Subempleo) 2016
(Instituto Nacional de Estadística y censos, 2016); Brazil: PNAD (Pes-
quisa Nacional por Amostra de Domicílios) 2015 (Instituto Brasileiro de
Geograﬁa e Estatística, undated); China: SAGE (WHO Study on global
AGEing and adult health) 2008 (WHO, n.d.); Sri Lanka: WHS (World
Health Survey) 2003 (World Bank, 2013). A pooled dataset was created
combining all countries for which microdata at PSU-level were avail-
able. Variables indicating proportion of households using improved
sanitation facilities and basic sanitation services were calculated fol-
lowing the JMP deﬁnitions (WHO and UNICEF, 2017). Population
weights were used in the analysis to estimate the proportion of people
living in communities with deﬁned sanitation coverage and to account
for the fact that not all households were selected with equal probability
into the survey sample. Population weights were calculated by multi-
plying the household weight as given in the surveys with the number of
de jure household members (usual household members, i.e. not only
those present at the time of the survey).
2.2.3. Analysis of the population living in communities above a deﬁned
threshold of sanitation coverage
Data were analysed taking account of cluster sampling in survey
data collection (using the svy-command in Stata). To calculate the
percentage of the population living in communities above a deﬁned
threshold of coverage with basic sanitation services by country, two
analysis steps were performed: ﬁrst, the proportion of the population
within the PSU using basic sanitation services was calculated. Second,
the mean proportion of the national population living in clusters having
at least a certain basic sanitation coverage level was calculated
weighted by the mean of population weights by PSU.
Conﬁdence intervals at country-level were generated using the
standard error of the mean at country-level (Statalist - archive, 2009).
Regional and global estimates and their 95% conﬁdence intervals were
derived using country population ﬁgures from the United Nations Po-
pulation Division for the year 2016 (2017 revision) (United Nations
Population Division, undated). Standard errors at regional and global
levels were estimated with an approach using the delta method ((De
Onis et al., 2004), formula in Appendix A – Main (A.1)). Data analysis
was performed in Stata 14 (StataCorp, 2015).
We are following guidelines for accurate and transparent health
estimates reporting (“GATHER: Guidelines for Accurate and
Transparent Health Estimates Reporting,” n.d.; Stevens et al., 2016) and
have included a GATHER-checklist as an Appendix (Appendix B –
Gather Checklist). Data analysis code can be obtained from the corre-
sponding author upon request. Ethical clearance was not needed for this
work as this study did not involve any human or animal participation or
personal data. All data was anonymised and informed consent of the
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WASH intervention studies was obtained at the time of original data
collection.
3. Results
3.1. Estimation of faecal environmental contamination using a composite
index and assessing the association between faecal contamination and the
impact of sanitation interventions on diarrhoeal disease
3.1.1. Estimating faecal environmental contamination in published
sanitation intervention studies using the FAECI
A total of 17 intervention studies were included (Table 3). Of those,
six were combined WASH interventions including a sanitation compo-
nent, and 11 were exclusive sanitation interventions. Fourteen inter-
ventions improved household sanitation and three interventions pro-
vided sewer connections. Table 3 shows the FAECI scores post-
intervention in the intervention group. The scores for all eight in-
dicators for all 17 studies both in the intervention and control groups
are included in Appendix C - Faecal contamination score of sanitation
interventions.
The frequency of reporting of the eight WASH indicators post-in-
tervention in the intervention group in the 17 sanitation studies is
shown in Fig. 3. While the four sanitation indicators could always be
extracted from the study reports, the two hygiene indicators but also
drinking water quality were more rarely reported.
3.1.2. Analysis of the association between estimated faecal contamination
and the eﬀectiveness of sanitation interventions on diarrhoeal disease
Using meta-regression analysis, estimated faecal environmental
contamination as represented by the score of the FAECI and the squared
FAECI score were strongly associated with the relative risks of diar-
rhoea of intervention studies (p=0.006). The model including all
studies explained 53% of the between-study variance. Additional binary
indicators of urban versus rural setting and sanitation versus combined
WASH interventions, and a continuous indicator for the diﬀerence of
the FAECI between intervention and control group (the “delta FAECI”)
were not signiﬁcantly associated with diarrhoea risk and did not change
the association of the other variables in the model.
Predicted relative risks from the meta-regression model ranged from
a minimum of 0.32 (0.20, 0.51) at a FAECI of three (low estimated
faecal contamination, note: as none of the included sanitation inter-
ventions yielded a FAECI score below 3, we did not predict relative risks
for scores below three) to 0.94 (0.77, 1.15) at a FAECI of 11 (high
estimated faecal contamination). The majority of interventions with a
FAECI score between 8 and 13 did not show a signiﬁcant eﬀect of
diarrhoea and hence also the predicted relative risks from the model
were equivalent to no eﬀect (i.e., conﬁdence intervals include 1,
p > 0.05). At a FAECI of 14–16 predicted relative risks declined again
due to two studies that show low relative risks at a high FAECI (Fig. 4,
a).
Using studentized deleted residuals, one study (Garrett et al., 2008)
was identiﬁed as an outlier (Viechtbauer and Cheung, 2010). Running
the meta-regression model excluding this study showed very strong
associations (p < 0.0001) between the FAECI score, its squared term
and the relative risk estimates of the interventions (Fig. 4, b). This
model explained 88% of the between-study variance and also did not
show the decline of predicted mean relative risk estimates at a large
FAECI.
Fig. 3. Reporting of the eight WASH indicators in the intervention group
post-intervention by sanitation study; green: indicator reported, orange:
indicator not reported, S1: open defecation/unsafe child faeces disposal, S2:
basic sanitation services, S3: safely managed sanitation services, S4: community
coverage with basic sanitation services, W1: basic drinking water services, W2:
safely managed drinking water services, H1: basic handwashing facilities, H2:
handwashing with soap after potential faecal contact. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the Web
version of this article.)
Fig. 4. Relative risks of diarrhoeal disease as a function of the FAECI a)
including all studies, b) excluding one study identiﬁed as a potential
outlier; black line: predicted mean relative risks, shaded area: 95% conﬁdence
interval, circles represent relative risk estimates of individual studies, circle
sizes are drawn proportional to the inverse of the relative risk's variance to
emphasize diﬀerences in the precision of the estimates, ﬁrst author name
written in uppercase means signiﬁcant relative risk estimates at p < 0.05,
FAECI: Faecal Contamination Index.
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The delta FAECI, included separately and in combination with its
squared term, was not signiﬁcantly associated with the eﬀect sizes of
the interventions.
3.2. Estimation of country, regional and total proportions of the population
from low- and middle-income countries living in communities in which basic
sanitation coverage exceeds a deﬁned threshold
3.2.1. Literature search to establish health-relevant community sanitation
coverage thresholds
From an initial list of 3800 citations, we selected 145 studies for
abstract review and subsequently 49 studies for full text review. Of
those, ﬁve studies reported the association between community cov-
erage thresholds and diarrhoeal disease impacts (Table 4). Based on the
recent systematic review and meta-analysis of intervention studies
(Wolf et al., 2018a), and support from three of the other four studies
(Andres et al., 2014; Jung et al., 2017b; Larsen et al., 2017), we chose
75% as a threshold for reporting as this threshold was the most fre-
quently reported one, and 95% as a threshold indicating near complete
coverage.
Furthermore, there was evidence for an association between com-
munity coverage with basic sanitation and malnutrition (Alderman
et al., 2003; Cameron et al., 2017; Fuller et al., 2016; Gertler et al.,
2015; Harris et al., 2017; Larsen et al., 2017; Vyas et al., 2016), in-
fectious diseases (Fuller and Eisenberg, 2016), anaemia (Larsen et al.,
2017), trachoma (Garn et al., 2018), cognitive development (Cameron
et al., 2017) and child mortality (Geruso and Spears, 2015). For soil-
transmitted helminths, one study found an association with community
sanitation (Forrer et al., 2016), and one did not (Oswald et al., 2017).
3.2.2. Data extraction from national household surveys
From the JMP data repository we identiﬁed a total of 111 countries
for which survey microdata on use of basic sanitation services at PSU-
level were available. The countries and territories included cover 29 out
of 31 low-income, 47 out of 52 lower middle-income, 33 out of 57
upper middle-income and 2 (Trinidad and Tobago and Uruguay) out of
55 high-income countries and territories (Table 5).
Surveys had been conducted between the years 1998 and 2017
(mean and median at 2012). 78% (87/111) of surveys were collected
after 2010. The included countries cover 78% of the world population
and 92% of the population in low- and middle-income countries. A
complete list of countries included in the analysis, the survey type, year,
region and income status are provided in Appendix D - Country esti-
mates. About four hundred (401) observations (each observation re-
presents a household) were deleted because of duplicates of households
in the same PSU and country. In total, over 2 million (2,034,497) ob-
servations in a total of 93,269 PSUs were included. The mean and
median number of PSUs per survey was 840 and 448 respectively and
ranged from a minimum of 100 PSUs (Saint Lucia) to a maximum of
28,524 PSUs (India). The mean and median number of households
surveyed per cluster was 22 and 21 respectively and ranged from a
minimum of 1 household to a maximum of 764 households.
3.2.3. Analysis of the population living in communities above a deﬁned
threshold of sanitation coverage
The percentage of the population living in communities in which
more than 75% and 95% of the population are covered with basic sa-
nitation services by country is given in Appendix D - Country estimates
and is shown in Fig. 5. Regional and total aggregates are given in
Table 6.
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4. Discussion
4.1. Main results
4.1.1. Faecal environmental contamination in sanitation intervention
studies and its association with the eﬀectiveness of sanitation interventions
on diarrhoeal disease
The analysis shows a non-linear association between the estimated
level of faecal contamination in the community, as assessed by the
FAECI, and impacts of sanitation interventions on diarrhoeal disease. It
suggests that sanitation interventions are more eﬀective at reducing
diarrhoea at lower levels of faecal contamination, and that interven-
tions are less likely to show diarrhoea reductions if faecal contamina-
tion in the community remains above a certain level.
4.1.2. Estimates of the population living in communities above a deﬁned
threshold of sanitation coverage
The percentage of the population from low- and middle-income
countries living in communities with more than 75% and 95% coverage
with basic sanitation services is estimated at 45% and 24% respectively.
Large regional discrepancies exist, with less than a third of the African
and South-East Asian population living in communities covered
with> 75% basic sanitation services.
4.2. General discussion
Faecal environmental contamination was assessed combining a set
of WASH indicators that cover many household- and community-level
transmission pathways for diarrhoeal disease (compare to Fig. 1). Our
Table 5
Number of countries and territories with available data at community-level (PSU-level) on use of basic sanitation services by region.
Region Number of countries with community-level data on basic
sanitation services
Total number of low- and middle-income
countries by region
Total number of countries by
region
African Region 42 46 47
Region of the Americasa 22 26 35
Eastern Mediterranean Region 14 15 22
European Region 16 20 53
South-East Asia Region 10 11 11
Western Paciﬁc Region 7 20 27
Total 111 138 195
a Includes Uruguay and Trinidad and Tobago as high-income countries; basic sanitation includes improved sanitation facilities that are not shared between two or
more households (WHO and UNICEF, 2017).
Fig. 5. Community sanitation coverage ≥75% by country;“Community sanitation coverage” means the percentage of the population living in communities in
which access with basic sanitation services≥75%, basic sanitation includes improved sanitation facilities that are not shared between two or more households (WHO
and UNICEF, 2017).
Table 6
Regional and total estimates of the percentage of the population from low- and
middle-income countries living in communities with high sanitation coverage.
population (percentage (95% CI)) living in
communities with the given level of basic sanitation
coverage
Region >75% >95%
African Region 13.3% (11.1%, 16.0%) 6.2% (4.4%, 8.8%)
Region of the Americas 75.8% (73.7%, 77.7%) 46.1% (43.9%, 48.2%)
Eastern Mediterranean
Region
54.8% (51.9%, 57.6%) 35.7% (32.1%, 39.6%)
European Region 93.3% (91.3%, 94.9%) 79.6% (77.4%, 81.6%)
South-East Asia Region 31.9% (30.9%, 32.9%) 12.7% (9.3%, 17.1%)
Western Paciﬁc Region 63.2% (26.3%, 89.2%) 30.6% (5.8%, 75.8%)
Total 45.3% (34.7%, 56.4%) 23.7% (14.9%, 35.4%)
CI: conﬁdence interval, results apply to low- and middle income countries,
regions according to WHO regional groupings (WHO, 2018b), basic sanitation
includes improved sanitation facilities that are not shared between two or more
households (WHO and UNICEF, 2017).
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results show that estimated faecal contamination is an important de-
terminant of a sanitation intervention's potential to reduce diarrhoeal
disease. The level of faecal environmental contamination therefore as-
sists in interpreting diﬀering results from WASH interventions for
diarrhoeal disease reduction. The diﬀerent WASH indicators on which
information is collected can provide guidance on a minimum set of
indicators for monitoring and reporting in all WASH research studies in
order to semi-quantitatively assess the likelihood of faecal contamina-
tion after the intervention.
Some of the WASH indicators measure behaviours (S1 and H2)
while another access to or presence of speciﬁc infrastructure (H1) or
both depending on the study's reporting (S2, S3, S4, W1, W2).
Improving use of or access to services requires diﬀerent intervention
strategies. Examples include health risk communication and education
for improving use (Anthonj et al., 2018) and subsidy and hardware
provision interventions for improving access (Garn et al., 2017). Im-
proved data on use of services or facilities could probably improve es-
timates of faecal contamination.
The analysis suggests that settings with low faecal contamination
post-intervention are more likely to show impacts on diarrhoeal disease
than settings with high prevailing faecal contamination. In poor set-
tings, which often carry the burden of considerable faecal contamina-
tion of the environment, sanitation and WASH interventions are cru-
cially important, and should be considered as a necessary but possibly
insuﬃcient step for achieving disease reduction (Clasen et al., 2014). In
the spirit to “leave no one behind” and get communities to a suﬃciently
reduced level of faecal environmental contamination, WASH interven-
tions should continue to be made in these highly contaminated settings,
to progressively reduce faecal contamination among these most vul-
nerable populations. The lack of impacts on diarrhoea after a WASH
intervention cannot necessarily be interpreted as an intervention's in-
eﬀectiveness, a point that has already been made more than 20 years
ago (VanDerslice and Briscoe, 1995). The outcome of any single in-
tervention depends not only on whether that intervention is used sus-
tainably but also on what other transmission pathways are important in
the context of the study communities (Robb et al., 2017). Even in set-
tings with high faecal contamination before the intervention, disease
reduction may be achieved if the level of faecal contamination is re-
duced below a certain level. This underlines the importance of inter-
ventions that reach entire communities ensuring that everyone uses a
toilet that safely contains excreta (WHO, 2018a) and that progressively
reduces faecal contamination of the environment– which many inter-
ventions of the past failed to achieve (Sclar et al., 2016). WASH inter-
ventions need plans for operation and maintenance, oversight and
regulation, monitoring and an accompanying enabling environment to
ensure sustainability and prevent back slippage. Sanitation Safety
Planning (SSP) is a local level risk assessment and management tool
that can be used to identify priority risks along the sanitation chain and
make improvements to technology, behaviours and management to
reduce exposure. SSP also helps coordinate improvements and mon-
itoring by multiple actors along the sanitation chain (WHO, 2015).
Deleting one study (Garrett et al., 2008) identiﬁed as an outlier in-
creased the strength of association between the FAECI and the relative
risk estimates of the interventions. The excluded study might indeed be
diﬀerent from the other sanitation studies as it was conducted in a very
sparsely populated area, where contact with community faecal con-
tamination may have been reduced..
We had initially planned to validate the FAECI on another WASH
category and attempted to extract data on the FAECI indicators from 14
drinking water ﬁltration interventions. However, none of the ﬁltration
intervention studies reported whether sanitation facilities were safely
managed, the presence of a handwashing facility with soap and water
or observed handwashing with soap. While most ﬁltration studies re-
ported the presence of latrines or toilets it was often not clear whether
these facilities were of an improved or unimproved technology. This
underlines the importance of a minimum set of WASH indicators that
should be reported in all WASH intervention studies independent of the
WASH category addressed.
The FAECI should be regarded as a ﬁrst attempt to simply, trans-
parently and reasonably estimate the level of faecal contamination in a
community environment in a way that is comparable across various
intervention locations. We believe that even with slightly diﬀerent in-
dicators or diﬀerent scoring, the general results and broad conclusions
would be similar. We had – for example - constructed a diﬀerent version
of the index that included a combined measure of unsafe disposal or
presence of child and animal faeces, which was however not pursued
due to data scarcity on animal faeces or animal presence. Analysis of
the estimated faecal contamination assessed with this modiﬁed index
led to basically the same results as the here proposed one (results in
Appendix A – Main, A.2). The index is semi-quantitative and does not
intend to present an exact measure of faecal contamination. We caution
against interpreting the size of the score too precisely and using the
score of the FAECI for inﬂuencing targeting of resources. Future de-
velopments could include harmonized deﬁnitions for the proposed in-
dicators, examine non-household settings such as schools, healthcare
facilities and workplaces and explore more sophisticated approaches to
estimating faecal contamination such as a latent variable approaches
that treats faecal environmental contamination as an unobserved vari-
able that can be modelled from a set of observed variables (Cai, 2012).
The FAECI includes community sanitation coverage as one in-
dicator, which has recently been shown to have various health beneﬁts
independent from household-scale sanitation coverage (e.g., studies
listed in Table 4 and (Fuller and Eisenberg, 2016; Garn et al., 2018;
Jung et al., 2017a)). This paper provides the ﬁrst country, regional and
total estimates of the population from low- and middle-income coun-
tries living in communities with deﬁned coverage levels of basic sani-
tation services that are based on nationally-representative and stan-
dardized data. It thereby completes harmonized and country-level data
availability on the proposed minimum set of WASH indicators.
4.3. Limitations
4.3.1. Faecal environmental contamination in sanitation intervention
studies using the FAECI and its association with the eﬀectiveness of
sanitation interventions on diarrhoeal disease
For the proposed FAECI score, the diﬀerent WASH indicators re-
ceive equal weighting though the strength of their associations with
health may diﬀer and there are likely important interactions (Kolsky
and Blumenthal, 1995). Poor sanitation services will generally have a
higher impact on the overall FAECI compared to poor drinking water
supply or hand hygiene as four indicators relate to sanitation. This is
justiﬁed as open defecation and poor sanitation can be considered the
fundamental drivers of faecal contamination in a community (Daniels
et al., 2016). In addition, although ingestion of unsafe water potentially
increases faecal exposure, increased water availability in general pro-
tects against faecal exposure and disease (Pickering and Davis, 2012;
Wang and Hunter, 2010). Some indicators are related to each other. If,
for example, sanitation facilities remain mainly of an unimproved
technology post-intervention, both S2 and S3 and usually also S4 will
receive a high score. However, these indicators allow a diﬀerentiation
between diﬀerent levels of access to basic sanitation. We did not assess
the applicability of the FAECI on other health outcomes (e.g. stunting),
which may show diﬀerent thresholds of estimated faecal contamina-
tion.
Not all indicators were reported in all included studies. Studies with
the lowest estimated faecal contamination reported less information
relevant for the FAECI indicators compared to the rest of the studies,
which might have inﬂuenced the size of the FAECI (Fig. 3) (Moraes
et al., 2003; Pradhan and Rawlings, 2002; Walker et al., 1999). None of
the sanitation studies reported safe management of sanitation facilities
or water sources as deﬁned by the JMP (WHO and UNICEF, 2017),
which required an adaptation of the deﬁnitions for this study (details in
J. Wolf et al. ,QWHUQDWLRQDO-RXUQDORI+\JLHQHDQG(QYLURQPHQWDO+HDOWK²

225
Table 1). No study reported observed handwashing with soap after
potential faecal contact (H2). For the ﬁve studies for which information
on this indicator could be extracted, we inferred low actual hand-
washing with soap from low self-reported handwashing or high con-
tamination of hands. Study data on some of the indicators are likely to
be subject to information bias. People under observation might wash
their hands more frequently than they usually do (Hawthorne eﬀect)
and self-reported behaviour, such as on open defecation, might lead to
under-reported open-defecation (McCambridge et al., 2014; Savović
et al., 2012).
The FAECI does not include an exhaustive list of potential pathways
for transmission of faecal pathogens (Fig. 1). Indicators are only proxy-
measures, i.e., they do not provide an exact measure of faecal con-
tamination. Due to data limitations, the indicator on handwashing with
soap (H2) includes only handwashing after potential faecal contact and
omits food-related handwashing occasions. Again mainly due to data
limitations, food and soil contamination or contamination via ﬂies
(Bauza et al., 2018; Chavasse et al., 1999; Gautam, 2015; Morita et al.,
2017) is not included. These pathways are partly dependent on the
indicator (S1), which assesses presence of human faeces in the en-
vironment. Alternative ways for introducing faeces in the environment,
such as wastewater irrigation (Qadir et al., 2010), are however not
covered. The index also lacks information on the presence of animal
faeces, which can represent an important pathway for diarrhoeal dis-
ease transmission (Ercumen et al., 2017; Penakalapati et al., 2017;
Zambrano et al., 2014). The presence of animal faeces post intervention
was reported by only one (Pickering et al., 2015) of the included stu-
dies. Though currently not included in the index, the presence of animal
faeces should be reported in any WASH intervention study with diar-
rhoea or other health outcomes.
4.3.2. Analysis of the association between estimated faecal contamination
and the eﬀectiveness of sanitation interventions on diarrhoeal disease
Results from meta-regression, as used in this analysis, are observa-
tional and do not establish causation between the predictor and the
outcome (Thompson and Higgins, 2002). As the sample size – the
number of sanitation interventions – is limited, the assessment of the
association between covariates and the outcome is limited. The I2 sta-
tistic, a measure of inconsistency across study ﬁndings (Borenstein
et al., 2009, p. 16), was high (92%), which is consistent with our hy-
pothesis of substantial diﬀerences in background characteristics such as
diﬀerent levels of faecal environmental contamination but might also
reﬂect diﬀerences in terms of intervention type and uptake, study
methods, settings, and populations. Results from meta-regression sug-
gest that estimated faecal environmental contamination can explain an
important part of the variance.
4.3.3. Estimates of the population living in communities above a deﬁned
threshold of sanitation coverage
The estimates are based on a limited number (n= 111) of mostly
low- and middle-income countries. Furthermore, even though most
surveys were conducted recently, 16 surveys data back to before 2010
(Appendix D - Country estimates). Especially for these countries it is
likely that community coverage with basic sanitation services has in-
creased by a certain extent. Use of sanitation facilities in DHS or MICS is
self-reported and may therefore be biased; selection bias, e.g., from
non-response, might be an additional source of bias in cross-sectional
survey data (Levin, 2006).
Due to data constraints at cluster-level of national household sur-
veys, estimates of community sanitation coverage are estimates of
coverage with basic sanitation services and not necessarily safely
managed services. In 2015, the JMP estimated that 68% of the world
population used basic sanitation services of which only 39% were es-
timated to be safely managed (WHO and UNICEF, 2017). Community
coverage estimates with safely managed sanitation services would
therefore likely to be considerably lower than estimates for community
coverage with basic sanitation services.
Not all previous evidence showed that greater community sanitation
coverage leads to positive health outcomes (Harris et al., 2017; Oswald
et al., 2017). One of those studies reported continuing high levels of
open defecation and coverage included any sanitation facility (Harris
et al., 2017). In the other study, community coverage levels with any
kind of latrine as well as access to an improved drinking water source
remained under 60% even in the high sanitation coverage group
(Oswald et al., 2017). Higher sanitation coverage might have no impact
on faecal contamination or health if facilities are not safe (Berendes
et al., 2017; Daniels et al., 2016), if community coverage remains low
(Odagiri et al., 2016), or if alternative pathways for transmission of
faecel material exist (Yajima et al., 2009).
5. Conclusions
A large proportion of the world's population lives in communities
that are vulnerable to signiﬁcant faecal contamination from poor
management of excreta. We propose a ﬁrst attempt to estimate the level
of faecel contamination in an intervention setting. Results of the ana-
lysis suggest that WASH interventions are more likely to lead to re-
ductions of diarrhoeal disease when faecal contamination of the living
environment has been reduced below some threshold level. This un-
derlines the importance of interventions that reach whole communities
assuring that everybody uses a safe toilet and sanitation system that
separates excreta from human contact along the whole sanitation chain.
WASH interventions may show no impact on diarrhoea because of
persisting faecal contamination due to for example incomplete com-
munity coverage or use of sanitation facilities that do not safely contain
faecal material or treat it to a level suited to the end use or disposal
type. Such interventions might nevertheless be necessary interim steps
to reduce faecal environmental contamination for achieving disease
reduction in the future. The assessment of a minimum set of WASH
indicators is useful for the evaluation of the prevailing major pathways
of faecal transmission and of the intervention's eﬀectiveness.
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A B S T R A C T
Background: To develop updated estimates in response to new exposure and exposure-response data of the
burden of diarrhoea, respiratory infections, malnutrition, schistosomiasis, malaria, soil-transmitted helminth
infections and trachoma from exposure to inadequate drinking-water, sanitation and hygiene behaviours
(WASH) with a focus on low- and middle-income countries.
Methods: For each of the analysed diseases, exposure levels with both suﬃcient global exposure data for 2016
and a matching exposure-response relationship were combined into population-attributable fractions.
Attributable deaths and disability-adjusted life years (DALYs) were estimated for each disease and, for most of
the diseases, by country, age and sex group separately for inadequate water, sanitation and hygiene behaviours
and for the cluster of risk factors. Uncertainty estimates were computed on the basis of uncertainty surrounding
exposure estimates and relative risks.
Findings: An estimated 829,000 WASH-attributable deaths and 49.8 million DALYs occurred from diarrhoeal
diseases in 2016, equivalent to 60% of all diarrhoeal deaths. In children under 5 years, 297,000 WASH-attri-
butable diarrhoea deaths occurred, representing 5.3% of all deaths in this age group. If the global disease burden
from diﬀerent diseases and several counterfactual exposure distributions was combined it would amount to 1.6
million deaths, representing 2.8% of all deaths, and 104.6 million DALYs in 2016.
Conclusions: Despite recent declines in attributable mortality, inadequate WASH remains an important de-
terminant of global disease burden, especially among young children. These estimates contribute to global
monitoring such as for the Sustainable Development Goal indicator on mortality from inadequate WASH.
1. Introduction
Global burden of disease assessments are important to identify
priorities for improving population health and tracking changes in the
relative importance of diﬀerent diseases, injuries and risk factors
(Murray and Lopez, 2013). The burden of disease from inadequate
drinking water, sanitation and hygiene behaviours (WASH) has been
estimated at various times in previous decades (Forouzanfar et al.,
2016, 2015; Gakidou et al., 2017; Lim et al., 2012; Murray and Lopez,
1996; Prüss-Ustün et al., 2014, 2008; Stanaway et al., 2018; WHO,
2004, 2002); inadequate drinking water as used in this work includes
unsafe water and water with insuﬃcient access. While some of these
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assessments focused on diarrhoeal disease (Forouzanfar et al., 2015;
Lim et al., 2012; Murray and Lopez, 1996; Prüss-Ustün et al., 2014;
WHO, 2002) others also assessed the WASH-attributable disease burden
of other health outcomes such as soil-transmitted helminth infections,
malaria, trachoma, schistosomiasis, lymphatic ﬁlariasis, lower re-
spiratory infections, and protein energy malnutrition (Forouzanfar
et al., 2016; Gakidou et al., 2017; Prüss-Ustün et al., 2008; Stanaway
et al., 2018; WHO, 2004). These assessments present very diﬀerent
burden of disease estimates because of diﬀerences in methods used,
scope of the estimates, and ongoing improvements in WASH in many
regions (Clasen et al., 2014).
Despite improvements, inadequate WASH remains a major global
risk factor: In 2015, 844 million people lacked a basic drinking water
service, i.e., a drinking water source protected from recontamination
within 30min’ round-trip to collect water, and nearly 30% of the global
population did not use a safely managed drinking water service—a
drinking water source located on premises, available when needed and
free from contamination (WHO and UNICEF, 2017). In terms of access
to sanitation, 2.3 billion people were lacking a basic sanitation servi-
ce—an improved sanitation facility that is not shared with other
households—and more than 60% were not using a safely managed sa-
nitation service—a sanitation facility that safely disposes excreta in-situ
or that ensures that excreta are safely treated oﬀ-site (WHO and
UNICEF, 2017). Estimates suggest that one in four persons worldwide
does not have access to a handwashing facility with soap and water on
premises and that only 26% of potential faecal contacts are followed by
handwashing with soap (Wolf et al., 2018b). Furthermore, only 45% of
the population live in communities in which coverage with basic sa-
nitation services is above 75% (Wolf et al., 2018c).
The objective of this paper is to present updated WASH-attributable
burden of diarrhoeal disease estimates for the year 2016 and to add the
WASH-attributable burden of further selected adverse health outcomes
including respiratory infections, malnutrition, schistosomiasis, malaria,
soil-transmitted helminth infections and trachoma. It needs to be ac-
knowledged that – depending on the available evidence - not all estimates
are based on the same level of evidence, use diﬀerent counterfactual ex-
posure distributions and apply diﬀerent assumptions. To reduce this dis-
ease burden from a broad range of diseases, very diﬀerent intervention
strategies would be required which are further outlined below. This paper
provides the basis for reporting on Sustainable Development Goal in-
dicator (3.9.2) on WASH-attributable mortality (United Nations, 2018).
2. Methods
2.1. Framework for estimation
“Inadequate WASH” as used in this article spans a range of WASH
services, behaviours and related risks for speciﬁc health outcomes, in-
cluding, amongst others, drinking water, sanitation and hygiene (e.g.,
diarrhoea, protein-energy malnutrition), and water resources manage-
ment (e.g., malaria). Sanitation and drinking water services, and pre-
sence of a handwashing facility with soap and water on premises are
deﬁned following the WHO/UNICEF Joint Monitoring Programme for
Water Supply, Sanitation and Hygiene (JMP)(WHO and UNICEF, un-
dated). Table 1 presents a list of adverse health outcomes that can at
least partly be attributed to inadequate WASH and whether this relation
has previously been quantiﬁed. Some of the outcomes from Table 1 for
which global WASH-attributable disease burden estimates are available
(right column) are not included in this analysis as high quality evidence
on the exposure-response relationship is lacking.
This disease burden assessment for the year 2016 preferably in-
cludes adverse health outcomes for which the WASH-attributable
fraction of disease burden can be estimated using comparative risk
assessment (CRA, respective diseases are diarrhoea, ARI and schisto-
somiasis). CRAs are based on detailed, i.e., by level of exposure, age
group and sex, exposure and exposure-response information (Ezzati
et al., 2002; WHO, 2004). In addition, we present WASH-attributable
disease burden estimates from other health outcomes for which suﬃ-
cient exposure and exposure-response data was available but which are
based on weaker evidence, more assumptions and diﬀerent counter-
factual exposure distributions (malnutrition, malaria, soil-transmitted
helminth infections and trachoma). WASH-attributable burden of dis-
ease estimates were calculated for 132 low- and middle-income coun-
tries as the available epidemiological evidence originates mainly from
these settings. For diarrhoea (only for hygiene as risk factor) and acute
respiratory infections, estimates were calculated for 183 low-, middle-
and high-income countries. Countries are WHO Member States with
income levels deﬁned by the World Bank for 2016 (World Bank, 2016)
which were grouped into the six WHO Regions (Sub-Saharan Africa,
America, Eastern Mediterranean, Europe, South-East Asia, and Western
Paciﬁc (WHO, 2017a)). Data on total deaths and disability-adjusted life
years (DALYs) by disease or condition were taken from the WHO Global
Health Observatory for the year 2016 (WHO, 2018a). These data are
Table 1
Adverse health outcomes that are at least partly attributable to inadequate water, sanitation and hygiene behaviours.
Global WASH-attributable disease burden not quantiﬁed Global WASH-attributable disease burden estimates available
Health outcomes Health outcomes Main WASH exposure
Arsenicosis
Cyanobacterial toxins
Fluorosis
Hepatitis A, E
Lead poisonings
Legionellosis
Leptospirosis
Methaemoglobinaemia
Neonatal conditions and maternal outcomes
Poliomyelitis
Scabies
Spinal injury
Ascariasis sanitation
Cancer (bladder) drinking water
Dengue water resource management/water bodies
Diarrhoeal diseases drinking water, sanitation, hygiene behaviours*
Drowningd recreational water/water bodies
Hookworm diseasea Sanitation
Japanese Encephalitis water resource management/agricultural practices
Lymphatic ﬁlariasis water resource management/water bodies
Malariad water resource management/water bodies
Musculoskeletal diseases drinking water
Onchocerciasis water resource management
Protein-energy malnutritiona,b,c drinking water, sanitation, hygiene behaviours*
Respiratory infectionsc hygiene behaviours*
Schistosomiasisa,b,c,d drinking water, sanitation, hygiene behaviours*, water resource management/
agricultural practices/recreational water
Trachomaa,c sanitation, hygiene behaviours*
Trichuriasisa Sanitation
The listed diseases are based on prior work (Prüss-Ustün et al., 2016, 2008). Health outcomes quantiﬁed in this article are written in bold. *hygiene behaviours
include hand hygiene(diarrhoeal diseases, protein-energy malnutrition, trachoma), face hygiene (trachoma), food hygiene (hookworm) and bathing (schistoso-
miasis).
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publicly available and can be assessed from the following website
(WHO, 2018b).
2.2. Population attributable fractions of disease for individual risk factors
and for the cluster of risks
Disease burden attributable to a risk factor is estimated using the
population attributable fraction (PAF) which is the proportion of dis-
ease or death that could be prevented if exposures were reduced to an
alternative or counterfactual scenario, while other conditions remain
unchanged (Ezzati et al., 2002; WHO, 2004). The calculation of the PAF
requires the proportion of the population exposed to the diﬀerent levels
of the risk factor and the corresponding exposure-response relationship
(Vander Hoorn et al., 2004):
=
+
=
=
PAF
p RR
p RR
( 1)
( 1) 1
j
n
j j
j
n
j j
1
1 (1)
where pj is the proportion of the population exposed at exposure level j,
RRj is the relative risk at exposure level j and n is the total number of
exposure levels.
Exposure levels of drinking water, sanitation and hygiene are re-
lated by similar mechanisms and policy interventions. The following
formula has been proposed for the estimation of burden attributable to
a interlinked cluster of risk factors (Lim et al., 2012) (relevant for the
diarrhoea and schistosomiasis burden):
=
=
PAF PAF1 (1 )
r
R
r
1 (2)
where r is the individual risk factor, and R the total number of risk
factors accounted for in the cluster.
2.3. Choice of counterfactual exposure levels for WASH-attributable disease
burden estimation
The counterfactual exposure distribution can be deﬁned in various
ways including the theoretical, the plausible, the feasible and the cost-
eﬀective minimum risk exposure distributions (Murray et al., 2003).
The theoretical minimum risk exposure distribution refers to the ex-
posure level with the lowest population health risk, irrespective of
whether this level is currently attainable in practice. The plausible
minimum risk exposure distribution refers to a level which is imagin-
able without necessarily being likely or feasible in the near future. The
feasible minimum risk exposure distribution is a level that has been
observed in some population and the cost-eﬀective minimum risk ex-
posure distribution considers the costs of exposure reduction for
choosing the alternative exposure scenario (Murray et al., 2003).
Depending on the type and quality of the available evidence, we
chose diﬀerent deﬁnitions of the counterfactual exposure distribution
for the various adverse health outcomes included in this analysis
(Table 2). For WASH-attributable diarrhoeal disease burden estimation,
we applied the plausible minimum risk exposure distribution which
includes that all the population boils and ﬁlters their drinking water
and prevents recontamination, lives in a community in which coverage
with basic sanitation services exceeds 75% and practices handwashing
with soap after potential faecal contact. The WASH-attributable burden
of malnutrition estimates are based on the diarrhoea estimates using a
pooled analysis of the fraction of stunting attributable to repeated
diarrhoea episodes (Checkley et al., 2008). We also used the plausible
minimum risk exposure distribution for the hygiene-attributable disease
burden of acute respiratory infections. For trachoma and soil-trans-
mitted helminth infections, we used the theoretical minimum risk ex-
posure distribution and assume that the burden of these diseases could
be completely prevented through adequate WASH, based on current
knowledge on disease transmission which basically occurs through in-
adequate sanitation and hygiene. The theoretical minimum risk T
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exposure distribution is approximated here as all the population using
safely managed drinking water, i.e., a basic drinking water service ac-
cessible on premises, available when needed and free from con-
tamination, safely managed sanitation, i.e., a basic sanitation service
that safely disposes excreta in-situ or that ensures that excreta are safely
treated oﬀ-site, and all the population having access to essential hy-
giene conditions and performing essential hygiene practices that help
maintain health and prevent the spread of disease, including hand- and
facewashing, menstrual hygiene management and food hygiene (WHO
and UNICEF, undated). Also for the WASH-attributable malaria burden
estimates, we used the theoretical minimum risk exposure distribution
of all the population being exposed to safe water resource management
for which a corresponding exposure-response relationship from meta-
analysis is available (Keiser et al., 2005). For the WASH-attributable
schistosomiasis disease burden estimation, the applied counterfactual is
equivalent to a feasible minimum risk exposure distribution which is
access to basic drinking water and sanitation services. This is again due
to the available matching exposure-response relationships for these
exposures (Freeman et al., 2017; Grimes et al., 2014).
2.4. Estimation of burden of disease attributable to inadequate WASH
The burden of disease attributable to each risk factor (AB), or to the
cluster of risk factors, in deaths or DALYs, was obtained by multiplying
the PAF by the total burden of each respective disease (B):
AB=PAF x B (3)
The PAFs were applied equally to burden of disease in deaths and
DALYs and we assumed that the WASH-attributable case fatality was
the same as the mean case fatality of the respective diseases.
2.5. Uncertainty estimates
To estimate uncertainty intervals, we developed a Monte Carlo si-
mulation of the results with 5000 draws of the exposure distribution,
and of the relative risks. As lower and upper uncertainty estimates we
used the 2.5 and 97.5 percentiles of the PAFs, attributable deaths and
DALYs resulting from the Monte Carlo analysis. Uncertainty estimates
were calculated using @RISK-software, version 6 (@RISK, n.d.).
We are following guidelines for accurate and transparent health
estimates reporting (GATHER)(“GATHER: Guidelines for Accurate and
Transparent Health Estimates Reporting,” n.d.; Stevens et al., 2016) and
have included a GATHER-checklist as a Supplementary File (S3).
2.6. The WASH-attributable burden of diarrhoeal disease
2.6.1. Adjustment for non-blinding bias of interventions for exposure-
response estimation
Open trials – that is where participants are not blinded to their al-
location – which use subjective outcome measures, such as self-reported
diarrhoea, are at high risk of bias (Savović et al., 2012; Wood et al.,
2008). Exposure-response relationships linking point-of-use drinking
water or hygiene interventions and diarrhoea were therefore bias-ad-
justed based on empirical evidence (Savović et al., 2012)(Tables S1 and
S2 in the Supplementary File 1) using a previously published method
(Wolf et al., 2018a, 2014). These two types of WASH interventions were
chosen for bias adjustment as these interventions usually aim ex-
clusively to improve health which is apparent to the recipient. A de-
tailed description of this approach can also be found in the Supple-
mentary File S1. We present WASH-attributable diarrhoeal disease
burden as bias-adjusted estimates in the main text and additionally as
non-adjusted estimates in the Supplementary File S1, Tables S3–S5, to
show the magnitude of this adjustment and for comparability with
other burden of disease assessments.
Drinking water
Fig. 1 shows drinking water exposure levels and Tables 2 and S1
(Supplementary File 1) show matching exposure-response relationships
used for WASH-attributable burden of diarrhoeal disease estimation.
Exposure estimates: Data on the relevant exposure levels was avail-
able through country-representative household surveys and censuses
reported by the JMP (WHO and UNICEF, undated). Estimates for the
year 2016 were derived using multilevel modeling (Wolf et al., 2013) of
about 1400 data points for each of the diﬀerent categories of drinking
water supply and about 130 data points for each of the diﬀerent cate-
gories of household water treatment. Exposure estimates for the dif-
ferent levels of drinking water relevant for burden of disease calculation
are available by country as a Supplementary File (S2).
Exposure-response relationship: As the evidence on additional im-
provements – such as improvements in water quality and availability -
on piped water to premises remains limited, we chose household water
ﬁltering or boiling with prevention of recontamination as the coun-
terfactual exposure level. Corresponding exposure-response relation-
ships were taken from the most recent meta-analysis (Wolf et al.,
2018a). (Tables 2 and S1 in the Supplementary File 1)
Sanitation
Fig. 2 shows sanitation exposure levels. Tables 2 and S2 (Supple-
mentary File 1) shows the matching exposure-response relationship
used for WASH-attributable burden of diarrhoeal disease estimation.
Exposure estimates: Sanitation exposure data was available from the
JMP (WHO and UNICEF, undated). Exposure estimates of access to
basic sanitation services in a community with greater than 75% cov-
erage with basic sanitation services is based on an analysis of survey
data at cluster-level (Wolf et al., 2018c). Exposure estimates for the
diﬀerent levels of sanitation relevant for burden of disease calculation
are available by country as a Supplementary File (S2).
Exposure-response relationship: New evidence has recently emerged
on additional beneﬁts on diarrhoeal disease from safe sanitation when
people live in communities with high sanitation coverage (e.g., (Fuller
and Eisenberg, 2016; Jung et al., 2017b, 2017a)). This has led to using
basic sanitation services in a community in which more than 75% of
people are covered with basic sanitation services as the counterfactual
exposure scenario. The choice of the cut-oﬀ at 75% sanitation coverage
is based on prior sanitation intervention studies which found increased
diarrhoea reductions after that point (Wolf et al., 2018c, 2018a).
As a sensitivity analysis, we included the recently published results of
four WASH intervention studies (Humphrey et al., 2019; Luby et al., 2018;
Null et al., 2018; Reese et al., 2018) in the calculation of the exposure-
response relationship between inadequate sanitation and diarrhoeal dis-
ease. Results of these studies had not been published at the time of the
systematic review and meta-analysis that provided the exposure-response
relationships for this burden of disease assessment (Wolf et al., 2018a).
Hygiene
Fig. 2 shows hygiene exposure levels and Tables 2 and S2 (Sup-
plementary File 1) show matching exposure-response relationships used
for burden of disease estimation.
Exposure estimates: Exposure estimates are based on “having a
handwashing facility with soap and water on premises”, i.e., a basic
handwashing facility (WHO and UNICEF, 2018a), and are available
through country-representative household surveys such as Demo-
graphic Health Surveys and Multiple Indicator Cluster Surveys through
the JMP (WHO and UNICEF, undated). Because access to a basic
handwashing facility would overestimate actual handwashing prac-
tices, this proxy indicator has been converted to actual handwashing
with soap prevalence based on an analysis of the association between
presence of a basic handwashing facility and observed handwashing
with soap (Wolf et al., 2018b). Exposure estimates for handwashing
with soap after potential faecal contact are available by country as a
Supplementary File (S2).
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Exposure-response relationship: The relative risk from a recent sys-
tematic review and meta-analysis of WASH intervention studies and
diarrhoeal disease (Wolf et al., 2018a) associated with the sub-group of
studies focusing on “handwashing promotion” matched best the ex-
posure and was therefore taken for burden of disease calculation.
2.7. The WASH-attributable burden of further selected health outcomes
2.7.1. Acute respiratory infections
Hands act frequently as carriers for respiratory pathogens which can
enter the body via hand-to-face contact (Warren-Gash et al., 2013). In
addition, some forms of respiratory viral disease are transmitted via the
faecal-oral route (Rabie and Curtis, 2006).
Exposure estimates: Only inappropriate hygiene is considered as risk
factor for acute respiratory infections. The same hygiene exposure data
as for the analysis of the WASH-attributable diarrhoeal disease burden
were taken (handwashing with soap after potential faecal contact de-
rived from access to a handwashing facility with soap and water (Wolf
et al., 2018b)).
Exposure-response relationship: The relative risk of 0.84 for washing
hands with soap and respiratory infections is based on a meta-analysis
of seven intervention studies in high-income countries (HICs) (Rabie
and Curtis, 2006) which is similar to a more recent pooled estimate
from low- and middle-income countries (LMICs) based on only three
studies (Mbakaya et al., 2017). Only one of the seven hand-hygiene
intervention studies was blinded and used a placebo hand-sanitizer in
the control group (White et al., 2001).
2.7.2. Protein-energy malnutrition
Inadequate WASH can be linked to nutritional status via diarrhoea,
environmental enteropathy, (subclinical) enteropathogen infections
and soil-transmitted helminth infections (Dangour et al., 2013; MAL-ED
Network Investigators, 2017; Schnee et al., 2018).
Exposure estimates: As the WASH-attributable malnutrition estimates
are based on the WASH-attributable diarrhoea estimates, the same ex-
posure levels are used as for the WASH-attributable diarrhoeal disease
burden estimation.
Exposure-response relationship: A pooled analysis of nine prospective
datasets from ﬁve countries estimated that 25% of stunting could be
attributed to repeated diarrhoea episodes in children (Checkley et al.,
2008). This estimate is combined with the fraction of WASH-attribu-
table diarrhoeal disease burden in children under ﬁve to estimate the
fraction of the WASH-attributable malnutrition burden.
As a sensitivity analysis, disease burden of protein-energy mal-
nutrition was calculated using diarrhoea estimates that were not ad-
justed for non-blinding bias.
2.7.3. Schistosomiasis
Schistosomiasis can occur when people contact water containing
certain aquatic snails that have been infested with parasitic worms;
these worms have a human life cycle and are discharged through
human excreta (WHO, 2018c).
Exposure estimates: The relevant exposure levels for the analysis of
the WASH-attributable schistosomiasis burden were use of basic
drinking water and sanitation services and surface, unimproved or
limited drinking water and open defecation, unimproved or limited
sanitation. Data on these exposures were available through the JMP
Fig. 1. Exposure levels for drinking water-related burden of diarrhoeal disease
estimates.
Note: these exposure levels are used for the WASH-attributable burden of
diarrhoeal disease assessment, exposure levels used for the assessment of other
diseases vary. “limited”, “unimproved” and “basic” facilities and services follow
deﬁnitions of the WHO/UNICEF Joint Monitoring Programme for Water
Supply, Sanitation and Hygiene (JMP) (WHO and UNICEF, undated). “Coun-
terfactual” signiﬁes the counterfactual exposure distribution used for the diar-
rhoeal disease assessment and presents the plausible minimum exposure dis-
tribution. The theoretical minimum risk exposure distribution (which is not
used for this analysis) would be “safely managed drinking water”. The length of
the diﬀerent arrows in not intended to quantify diﬀerences in disease risk.
Fig. 2. Exposure levels for sanitation-related (left) and hygiene-related (right)
burden of disease estimates.
Note: these exposure levels are used for the WASH-attributable burden of
diarrhoeal disease and – for hygiene - acute respiratory infections assessment,
exposure levels used for burden of disease estimation of other diseases vary.
“limited”, “unimproved” and “basic” facilities and services follow deﬁnitions of
the WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation
and Hygiene (JMP) (WHO and UNICEF, undated). “Counterfactual” signiﬁes
the counterfactual exposure distribution used for the diarrhoeal disease and
respiratory infections assessment and presents the plausible minimum exposure
distribution. The theoretical minimum risk exposure distribution (which is not
used for the diarrhoea and respiratory infections analysis) would be “Safely
managed sanitation” and “Essential hygiene conditions and practices including
hand- and facewashing, menstrual hygiene management and food hygiene”.
The length of the diﬀerent arrows in not intended to quantify diﬀerences in
disease risk.
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(WHO and UNICEF, undated) with estimates derived for 2016 as de-
scribed for diarrhoea (Wolf et al., 2013)(Supplementary File S2).
Exposure-response relationship: The pooled relative risk from meta-
analysis of 0.53 (0.47, 0.61) links access to basic drinking water ser-
vices versus surface, unimproved or limited drinking water (Grimes
et al., 2014). The pooled relative risk of 0.65 (0.54, 0.78) for sanitation
links basic sanitation services and open defecation, unimproved or
limited sanitation and is the mean relative risk combining the asso-
ciation between sanitation and Schistosoma mansoni and S. haematobium
weighted by the precision of the estimates (Freeman et al., 2017). These
relative risks include data from observational studies only (cross-sec-
tional and case-control design).
As a sensitivity analysis we calculated the WASH-attributable
schistosomiasis burden using a population attributable fraction (PAF) of
82% as previously estimated through an expert survey (Prüss-Ustün
et al., 2016). This 82% relates to the fraction of schistosomiasis that was
assumed to be preventable through adequate WASH while it was ac-
knowledged that probably 100% of schistosomiasis burden could be
attributed to environmental risks (Prüss-Ustün et al., 2016).
2.7.4. Malaria
Environmental management in malaria prevention often includes
water resource management - for example, the installation, cleaning
and maintenance of drains, the systematic elimination of standing
water pools, the siting of settlements away from vector breeding sites
(dry-belting) - but also measures applied to the human habitat such as
mosquito-prooﬁng of houses (Keiser et al., 2005).
Exposure estimates: Globally, very limited water resource manage-
ment have been undertaken and environmental management inter-
ventions almost disappeared when dichlorodiethyltrichloroethane
(DDT) appeared (Keiser et al., 2005). Therefore the relevant exposure
levels are universally implemented safe water resource management as
theoretical minimum risk exposure distribution versus no safe water
resource management.
Exposure-response relationship: The exposure-response relationship
is taken from a meta-analysis of the relation between environmental
management and malaria occurrence (Keiser et al., 2005). We chose the
more conservative – in terms of the size of the relative risk estimate -
approach which was based on stronger evidence, and selected an ex-
posure-response relationship (risk ratio) of 0.21 (0.13–0.33) for mod-
iﬁcation of human habitation – as compared to 0.12 (0.08, 0.18) for
environmental modiﬁcation.
As a sensitivity analysis we calculated the WASH-attributable ma-
laria burden using previously estimated regional PAFs that were based
on expert opinion (Prüss-Ustün et al., 2016).
2.7.5. Soil-transmitted helminth infections
This assessment includes the most predominant soil-transmitted
helminths – Ascaris lumbricoides, Trichuris trichiura and the hookworms.
Transmission occurs uniquely through the release of nematode eggs in
human excreta from infected individuals into the environment. After
the release from the human body, the eggs need to mature for about
three weeks to become infective. Susceptible individuals are infected
via ingestion of these eggs or penetration of their skin by, or direct
ingestion of, the larvae. Also re-infection only occurs due to contact
with infective stages in the environment (WHO, 2018d). It is therefore
assumed that infections with soil-transmitted helminths would com-
pletely cease in case the theoretical minimum exposure level – universal
use of safely managed water and safely managed sanitation services,
universal access to essential hygiene conditions and universal practice
of essential hygiene - would be achieved. The total disease burden from
infections with soil-transmitted helminths was therefore entirely at-
tributed to inadequate WASH (Prüss-Ustün et al., 2016).
2.7.6. Trachoma
Trachoma is transmitted via personal contact (e.g., via hands and
clothes) and by ﬂies that have been in contact with the discharge of the
eyes or the nose of an infected person (WHO, 2018e). It is assumed that
through safe disposal of faeces and especially hygiene (face- and
handwashing and cleaning of clothes) transmission of trachoma would
cease which is also supported through historical evidence (Hu et al.,
2010; Mohammadpour et al., 2016). The overall disease burden from
trachoma was therefore assumed to be fully attributable to inadequate
WASH (Prüss-Ustün et al., 2016). For trachoma, we used the same
theoretical minimum exposure level as for soil-transmitted helminths of
universal safely managed drinking water, safely managed sanitation,
essential hygiene conditions and hygiene practices.
3. Results
3.1. Exposure estimates
The relevant exposures for WASH-attributable disease burden esti-
mation include access to services and WASH-related behaviours. Water
resource management is the relevant exposure for WASH-attributable
burden of malaria estimation. In LMICs, 58% of the population used
piped water on premises; 30% used a non-piped basic water service;
and 13% used surface, unimproved or limited drinking water in 2016
(Table 3). 33% of the population reported boiling or ﬁltering their
water. In LMICs, 62% used basic sanitation services and 45% of the
population lived in communities with basic sanitation coverage above
75% (Table 4). Worldwide, 74% of the population had access to a basic
handwashing facility, 70% in LMICs and 95% in HICs. This resulted in
26% of the global population, 22% in LMICs and 51% in HICs, washing
hands with soap after potential faecal contact (Table 5).
3.2. Estimates of the WASH-attributable burden of diarrhoeal disease
The total number of diarrhoeal deaths in 2016 was 1.4 million
(WHO, 2018f). Of those, 485,000 deaths were attributable to in-
adequate water, 432,000 to inadequate sanitation and 165,000 to in-
adequate hygiene behaviours after adjusting for the likely eﬀect of non-
blinding bias (Tables 6–9). Inadequate WASH together caused 829,000
diarrhoeal deaths which correspond to about 60% of total diarrhoeal
deaths in 2016 that would have been preventable through improving
drinking water and sanitation services and handwashing with soap.
In children under ﬁve years of age, 477,000 diarrhoeal deaths oc-
curred in 2016. Of those 297,000 or 62.2% (adjusted for non-blinding
bias) were attributable to inadequate WASH.
Not adjusting the disease burden estimates for non-blinding bias
resulted in a total of 1,025,000 deaths which correspond to 74% of total
diarrhoeal deaths and 1.8% of all deaths being attributable to in-
adequate WASH in 2016 (Supplementary File S1, Tables S3–S5).
Inclusion of the results of four additional WASH interventions
(Humphrey et al., 2019; Luby et al., 2018; Null et al., 2018; Reese et al.,
2018) published after we conducted the systematic review and meta-
analysis on WASH interventions and diarrhoeal disease (Wolf et al.,
2018a), changed the exposure-response relationship for basic sanitation
in low-coverage communities to 0.82 (0.63, 1.06) and in high coverage
communities to 0.58 (0.40, 0.84) as compared to 0.76 (0.51, 1.13) and
0.55 (0.34, 0.91) for low- and high-coverage communities respectively
without these four studies (Tables 2 and S2 in the Supplementary File
1). This resulted in a reduction of diarrhoeal deaths attributable to
inadequate sanitation from 432,000 to 396,000.
3.3. Estimates of the WASH-attributable burden of other adverse health
outcomes
3.3.1. Acute respiratory infections
Thirteen percent of the overall disease burden of acute respiratory
infections was attributable to inadequate handwashing with soap which
amounted to 370,000 deaths in 2016 (Table 10). WASH-attributable
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disease burden from acute respiratory infections by region is given in
Table S6 in the Supplementary File 1.
3.3.2. Protein-energy malnutrition
Combining the fraction of diarrhoeal disease burden attributed to
inadequate WASH in children below ﬁve years of age (adjusted esti-
mate) with the estimate of 25% of stunting attributable to repeated
diarrhoea episodes by country (Checkley et al., 2008) resulted in the
attribution of 16% of malnutrition to inadequate water, sanitation and
hygiene for 2016 (Table 10). These estimates do not include the con-
sequences of protein-energy malnutrition on other diseases and asso-
ciated mortality. WASH-attributable disease burden from protein-en-
ergy malnutrition by region is given in Table S7 in the Supplementary
File 1.
Using non-adjusted diarrhoea estimates to calculate the WASH-at-
tributable protein-energy malnutrition burden resulted in the attribu-
tion of 20% of malnutrition to inadequate WASH and in 34,000 WASH-
attributable deaths in children below ﬁve years of age (Supplementary
File S1, Table S8).
3.3.3. Schistosomiasis
Using the available exposure and exposure-response information, it is
estimated that 43% or 10,400 deaths could have been prevented by im-
proving drinking water and sanitation services in 2016 (Table 10). In-
adequate drinking water is responsible for 5700 deaths and inadequate
sanitation for 6300 deaths. WASH-attributable disease burden from
schistosomiasis by region is given in Table S9 in the Supplementary File 1.
The sensitivity analysis using the previously estimated PAF of 82%
based on expert survey (Prüss-Ustün et al., 2016) would result in about
20,000 WASH-attributable Schistosomiasis deaths.
3.3.4. Malaria
It is estimated that 80% of malaria was attributable to non-existent
water resource management which resulted in 355,000 WASH-attri-
butable malaria deaths in 2016 (Table 10).
A sensitivity analysis using previously estimated regional PAFs for
malaria that were based on expert survey (Prüss-Ustün et al., 2016)
resulted in 187,000 WASH-attributable malaria deaths in 2016.
3.3.5. Soil-transmitted helminth infections and trachoma
Assuming 100% of soil-transmitted helminth infections and tra-
choma cases are attributable to inadequate WASH, over 6000 deaths
could have been prevented in 2016 through safely managed water and
sanitation, access to essential hygiene conditions and practice of es-
sential hygiene behaviours (Table 10).
WASH-attributable disease burden estimates (in deaths and DALYs)
by country and health outcome is detailed in Supplementary Files S4
(deaths) and S5 (DALYs).
4. Discussion
It is estimated that 1.6 million deaths and 105 million DALYs are
attributable to inadequate WASH, including only diseases which could
be quantiﬁed, representing 2.8% of total deaths and 3.9% of total
DALYs in 2016. Of those, 829,000 deaths are due to diarrhoeal disease.
Sixty per cent of the overall diarrhoea burden, 13% of the burden from
acute respiratory infections, 16% of the burden of protein-energy
malnutrition, 43% of the schistosomiasis burden, 80% of the malaria
burden and 100% of both the burden from soil-transmitted helminth
infections and trachoma burden are attributed to inadequate WASH.
4.1. Discussion of results
Compared to our previous burden of diarrhoeal disease assessment
Table 3
Distribution of the population to exposure levels of drinking water, by region, for 2016.
Region Percentage of population using Total
piped water on premises basic drinking water, not piped on premises surface, unimproved or limited water
not ﬁltered
or boileda
ﬁltered or boiled not ﬁltered
or boiled
ﬁltered or boiled not ﬁltered
or boiled
ﬁltered or boiled
Sub-Saharan Africa, LMICs 25.5 3.1 29.6 2.0 35.8 4.0 100
America, LMICs 58.3 32.3 4.6 1.1 2.9 0.8 100
Eastern Mediterranean, LMICs 53.8 4.8 26.0 0.7 13.7 0.9 100
Europe, LMICs 55.6 29.3 6.9 4.1 2.5 1.7 100
South-East Asia, LMICs 24.9 12.7 38.6 13.0 7.2 3.5 100
Western Paciﬁc, LMICs 28.5 50.7 8.8 8.3 1.6 2.1 100
Total LMICs 34.1 23.5 22.6 7.0 10.2 2.6 100
a Filtering or boiling means point-of-use water treatment at household-level. The total may not equal the sum of numbers displayed in the rows due to rounding.
LMICs: low- and middle-income countries.
Table 4
Distribution of the population to exposure levels of sanitation, by region, for
2016.
Region Percentage of population
using basic
sanitation
services
living in communities with
> 75% basic sanitation
coverage
Sub-Saharan Africa, LMICs 30.8 13.3
America, LMICs 85.1 75.8
Eastern Mediterranean,
LMICs
69.1 54.8
Europe, LMICs 92.5 93.3
South-East Asia, LMICs 50.9 31.9
Western Paciﬁc, LMICs 75.1 63.2
Total LMICs 62.0 45.3
LMICs: low and middle income countries.
Table 5
Distribution of the population to exposure levels of hygiene, by region, for
2016.
Region Percentage of population washing hands with
soap after potential faecal contact
Sub-Saharan Africa, all 8.4
America, LMICs 36.2
Eastern Mediterranean, LMIC 21.6
Europe, LMICs 24.9
South-East Asia, all 27.8
Western Paciﬁc, LMICs 17.1
Total 26.3
Total HICs 50.6
Total LMICs 21.8
LMICs: low and middle income countries, HICs: high income countries.
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for the year 2012 (Prüss-Ustün et al., 2014), we now attribute about
17,000 less deaths to inadequate water (2012: 502,000 deaths, 2016:
485,000 deaths), 152,000 additional deaths to inadequate sanitation
(2012: 280,000 deaths, 2016: 432,000 deaths) and 132,000 less deaths
to inadequate hygiene behaviours (2012: 297,000 deaths, 2016:
165,000 deaths). Especially the methods for exposure assessment of
both inadequate sanitation and inadequate hygiene behaviours have
been revised using updated evidence. The consideration of health im-
pacts from poor sanitation coverage in the community led to a sig-
niﬁcant increase of disease burden from inadequate sanitation. Fur-
thermore, we are no longer relying on observations of handwashing
frequency which are usually not nationally representative. Diarrhoea
deaths attributable to inadequate WASH also changed due to reductions
in overall diarrhoeal mortality (WHO, 2018a) and updated exposure-
response relationships (Wolf et al., 2018a).
For comparison with similar estimates, the comparative risk as-
sessment for the year 2016 for the Global Burden of Disease Study
conducted by the Institute for Health Metrics and Evaluation attributed
89% of diarrhoea deaths and 8% of deaths from acute respiratory in-
fections to inadequate WASH (Gakidou et al., 2017) – compared to 60%
and 13% in this assessment. Diﬀerences compared to our estimates are
mainly due to our approach of adjusting some WASH interventions for
non-blinding bias (only diarrhoeal disease burden estimates, see dis-
cussion below), diﬀerent approaches of exposure assessment and dif-
ferent minimum risk exposure (counterfactual) levels. The Institute for
Health Metrics and Evaluation considers sewered sanitation as the sa-
nitation counterfactual, which is however not necessarily supported by
recent evidence nor for rural areas (Baum et al., 2013; WHO and
UNICEF, 2017). Community sanitation coverage is not taken into ac-
count and availability of basic handwashing facilities is used as ex-
posure parameter which does not match the parameter of the exposure-
response relationship which is handwashing with soap at times of po-
tential pathogen exposure.
Recent WASH disease burden estimates have varied considerably: in
2010 the Global Burden of Disease Study estimated 337,000 deaths
from inadequate WASH (Lim et al., 2012) while subsequently reporting
1,399,000 deaths in 2013 (Forouzanfar et al., 2015), 1,766,000 deaths
in 2015 (Forouzanfar et al., 2016), 1,661,000 deaths in 2016 (Gakidou
et al., 2017) and 1,610,000 in 2017 (Stanaway et al., 2018). The initial
increase was mainly due to the fact that the ﬁrst counterfactuals for
estimating WASH-attributable burden of disease were improved
drinking water sources and improved sanitation facilities as deﬁned by
the JMP (WHO and UNICEF, undated). Improved drinking water
sources are often unreliable and of poor water quality while improved
sanitation is often not safely managed and does not protect the com-
munity (Bain et al., 2014; Clasen et al., 2014; WHO and UNICEF, 2017).
More recent WASH-attributable global burden of disease assessments
recognize health impacts from improvements in drinking water and
sanitation beyond improved water sources and sanitation facilities, i.e.,
piped water sources, household water treatment and sewered sanita-
tion, and from considering personal hygiene as separate risk factor.
Since the 2015 assessment, more diseases have been added in the
Global Burden of Disease assessments such as typhoid and paratyphoid
fever in 2015 (Forouzanfar et al., 2016) and acute respiratory infections
in 2016 and 2017 (Gakidou et al., 2017; Stanaway et al., 2018).
The positive side of a high WASH-attributable disease burden is the
great potential for disease burden reduction. In theory, the entire esti-
mated disease burden could have been prevented through interven-
tions. These interventions vary depending on the health outcome and
the chosen counterfactual exposure distribution. Diarrhoea, acute re-
spiratory infections, malnutrition and schistosomiasis will require im-
provements of drinking water and sanitation services and increased
handwashing with soap. The same is true for soil-transmitted helminth
infections and trachoma, however to completely prevent these infec-
tions more radical and comprehensive WASH interventions are required
(safely managed drinking water and sanitation services, access to es-
sential hygiene conditions and practice of essential hygiene beha-
viours). Additionally, the prevention of soil-transmitted helminth in-
fections might require the proper treatment of human waste and
adequate food hygiene to prevent infections that occur through the use
of human faeces as fertilizer (Anuar et al., 2014; Strunz et al., 2014).
Trachoma prevention might include the need for a stronger emphasis
on comprehensive hygiene practices including facewashing (Stocks
et al., 2014). Finally to reduce the WASH-attributable malaria disease
Table 6
Diarrhoea burden attributable to inadequate water by region, 2016
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1 000s) (95% CI)
Sub-Saharan Africa, LMICs 0.40 (0.22–0.51) 259,073 (140,144–330,643) 16,837 (9120–21,472)
America, LMICs 0.27 (0.02–0.42) 6246 (480–9469) 506 (22–776)
Eastern Mediterranean, LMICs 0.39 (0.19–0.50) 48,947 (24,067–63,413) 3675 (1778–4764)
Europe, LMICs 0.20 (0.02–0.31) 959 (86–1500) 137 (2–215)
South-East Asia, LMICs 0.31 (0.12–0.43) 163,760 (64,307–225,941) 7798 (3067–10,750)
Western Paciﬁc, LMICs 0.21 (0.08–0.30) 5756 (2069–8320) 493 (160–725)
Total LMICs 0.36 (0.19–0.47) 484,741 (231,153–639,285) 29,446 (14,149–38,702)
DALYs: disability-adjusted life years, PAF: population-attributable fraction; LMICs: low- and middle-income countries; for the analysis of burden of diarrhoeal disease
attributed to inadequate water the counterfactual exposure distribution (plausible minimum risk) of ﬁltering/boiling of water from any water source with subsequent
safe storage was compared to the actual exposure distribution for 2016.
Table 7
Diarrhoea burden attributable to inadequate sanitation by region, 2016
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1 000s) (95% CI)
Sub-Saharan Africa, LMICs 0.37 (0.36–0.38) 236,134 (229,625–241,875) 15,303 (14,866–15,684)
America, LMICs 0.14 (0.13–0.16) 3261 (2949–3529) 257 (229–280)
Eastern Mediterranean, LMICs 0.27 (0.24–0.30) 34,425 (30,473–37,781) 2538 (2260–2775)
Europe, LMICs 0.03 (0.02–0.03) 134 (91–161) 20 (14–24)
South-East Asia, LMICs 0.29 (0.25–0.33) 152,986 (129,778–173,011) 7245 (6131–8208)
Western Paciﬁc, LMICs 0.17 (0.15–0.20) 4780 (4041–5413) 403 (332–464)
Total LMICs 0.32 (0.30–0.34) 431,720 (407,090–452,623) 25,765 (24,519–26,825)
DALYs: disability-adjusted life years, PAF: population-attributable fraction; LMICs: low- and middle-income countries; for the analysis of burden of diarrhoeal disease
attributed to inadequate sanitation the counterfactual exposure distribution (plausible minimum risk) of having access to basic sanitation in a community with>
75% coverage with basic sanitation facilities was compared to the actual exposure distribution for 2016.
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burden, interventions will be required that lead to environmental
modiﬁcation and manipulation, including water resource management
as main component, and changes of the human habitat, including siting
of settlements away from breeding sites (Keiser et al., 2005).
4.2. Limitations
This WASH-attributable burden of disease assessment is limited to
some selected diseases and adverse health outcomes and does not take
into account a large amount of other adverse health outcomes (ex-
amples are given in Table 1) that are at least partly WASH-attributable
and that could be prevented through improved WASH management.
Additionally, the here presented estimates do not capture disease
burden from, for example, water-borne disease outbreaks, ﬂooding and
droughts or disease burden in certain populations such as refugees,
internally displaced persons, and the homeless or certain exposure
settings such as healthcare facilities, schools, workplaces and other
public places. Additionally, adequate WASH and treatment of waste-
water (from households, intensive livestock raising and industry) can
reduce environmental drivers of antimicrobial resistance (Bürgmann
et al., 2018; O'Neill, 2016; WHO, 2014), an increasingly serious threat
to global public health (WHO, 2018g). WASH-attributable disease
burden estimates refer predominantly to LMICs as most of the epide-
miological evidence originates from these countries.
This analysis considers WASH-attributable deaths and DALYs from a
range of diseases and conditions including diarrhoea, acute respiratory
infections, protein-energy malnutrition, schistosomiasis, malaria, soil-
transmitted helminth infections and trachoma. Some WASH-attribu-
table disease burden estimates, i.e., for diarrhoea and respiratory in-
fections, are based on CRA and the exposure-response relationship on
meta-analysis of intervention studies. The remaining diseases have been
estimated using more limited exposure or exposure-response
information which required more assumptions. WASH-attributable
disease burden estimates for the latter diseases include therefore
greater uncertainties. The WASH-attributable estimates of the burden of
respiratory infections are calculated using a dose-response relationship
from intervention studies not adjusted for likely bias due to non-
blinding. The malnutrition estimates are based on the diarrhoea esti-
mates and therefore omit other pathways through which WASH can
have an impact on malnutrition such as subclinical enteric infections
and environmental enteropathy (Rogawski and Guerrant, 2017). In
addition, these estimates include only stunting and omit other forms of
malnutrition such as underweight and wasting. Stunting, compared to
wasting and underweight, is the more severe form of malnutrition, is
associated with chronic and recurrent undernutrition, e.g., from fre-
quent infectious disease, and prevents children from reaching their
physical and cognitive potential (WHO, 2018h). There is usually con-
siderable overlap between stunting, wasting and underweight (Myatt
et al., 2018). The estimate of the fraction of WASH-attributable stunting
is based on the fraction of stunting attributable to repeated diarrhoea
episodes (Checkley et al., 2008) which is combined with the fraction of
WASH-attributable diarrhoea. In young children from low-income
countries (where the bulk of the global burden of diarrhoea occurs)
repeated diarrhoea episodes are the norm: e.g., children under three
years old experience on average three episodes of diarrhoea every year
(WHO, 2017b). Recent ﬁndings from the GEMS study suggested that
children with both moderate/severe and less-severe diarrhoea had a
signiﬁcantly increased risk for stunting (Kotloﬀ et al., 2019). Global
health estimates for diarrhoeal disease burden which are used for
WASH-attributable disease burden estimation can be subject to con-
siderable under-reporting, especially for countries without well-func-
tioning death registration systems for which estimates rely heavily on
surveys and censuses (WHO, 2018i).Our estimate of 16% of malnutri-
tion is broadly consistent with a Cochrane review that concluded that
Table 8
Diarrhoea burden attributable to inadequate hygiene behaviours by region, 2016
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1 000s) (95% CI)
Sub-Saharan Africa, all 0.13 (0–0.61) 85,166 (0–394,782) 5516 (0–25,622)
America, LMICs 0.10 (0–0.47) 2227 (0–10,741) 183 (0–886)
America, HICs 0.08 (0–0.41) 930 (0–4967) 25 (0–131)
Eastern Mediterranean, LMICs 0.12 (0–0.57) 15,013 (0–72,270) 1130 (0–5440)
Eastern Mediterranean, HICs 0.08 (0–0.41) 34 (0–186) 5 (0–27)
Europe, LMICs 0.11 (0–0.54) 537 (0–2605) 72 (0–352)
Europe, HICs 0.08 (0–0.40) 1216 (0–6371) 29 (0–151)
South-East Asia, all 0.11 (0–0.50) 56,419 (0–264,975) 2656 (0–12,477)
Western Paciﬁc, LMICs 0.12 (0–0.55) 3347 (0–15,182) 298 (0–1350)
Western Paciﬁc, HICs 0.08 (0–0.40) 310 (0–1645) 6 (0–31)
Total 0.12 (0–0.56) 165,200 (0–780,443) 9919 (0–46,598)
DALYs: disability-adjusted life years, PAF: population-attributable fraction; LMICs: low- and middle-income countries, HICs: high-income countries; for the analysis
of burden of diarrhoeal disease attributed to inadequate hygiene behaviours the counterfactual exposure distribution (plausible minimum risk) of handwashing with
soap after potential faecal contact was compared to the actual exposure distribution for 2016.
Table 9
Diarrhoea burden attributable to the cluster of inadequate water, sanitation and hygiene behaviours by region, 2016
Region PAF (95% CI) Deaths (95% CI) DALYs (in 1 000s) (95% CI)
Sub-Saharan Africa, all 0.67 (0.62–0.72) 431,700 (398,398–462,156) 27,997 (25,822–29,968)
America, LMICs 0.43 (0.35–0.51) 9861 (8050–11,623) 799 (639–952)
America, HICs 0.08 (0.00–0.25) 930 (0–4967) 25 (0–131)
Eastern Mediterranean, LMICs 0.60 (0.50–0.70) 76,387 (62,928–87,982) 5718 (4787–6531)
Eastern Mediterranean, HICs 0.08 (0.00–0.25) 34 (0–186) 5 (0–27)
Europe, LMICs 0.31 (0.22–0.39) 1481 (1053–1899) 207 (148–265)
Europe, HICs 0.08 (0.00–0.17) 1216 (0–6371) 29 (0–151)
South-East Asia, all 0.56 (0.43–0.68) 295,070 (225,467–356,569) 13,981 (10,634–16,948)
Western Paciﬁc, LMICs 0.43 (0.32–0.53) 11,661 (8651–14,501) 1008 (715–1282)
Western Paciﬁc, HICs 0.08 (0.00–0.23) 310 (0–1645) 6 (0–31)
Total 0.60 (0.54–0.65) 828,651 (753,021–901,072) 49,774 (45,835–53,596)
DALYs: disability-adjusted life years, PAF: population-attributable fraction; LMICs: low- and middle-income countries, HICs: high-income countries.
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WASH interventions might have a small beneﬁt on length growth
(Dangour et al., 2013). The schistosomiasis exposure-response function
is based on observational studies only (Freeman et al., 2017; Grimes
et al., 2014) and the counterfactual exposure distribution is use of basic
water and sanitation services which represents a feasible minimum risk
exposure distribution only. The counterfactual exposure distribution for
malaria – universal exposure to safe water resource management
(Keiser et al., 2005) – diﬀers from the exposure distributions of the
other diseases which are related to the use of certain WASH services.
From the above it can be concluded that our disease burden estimates
are likely underestimating the true disease burden of inadequate
WASH.
While some have argued that the counterfactual exposure distribu-
tion used for risk factor-attributable disease burden estimation should
represent what can be achieved through interventions (Greenland,
2002; Steenland and Armstrong, 2006), others advocate the use of
multiple exposure distributions including those which might not be
achievable by currently available interventions to appreciate the size of
the problem (Murray et al., 2003). Based on the available evidence –
especially regarding the exposure-response relationship – our WASH-
attributable disease burden estimates are based on diﬀerent – including
feasible, plausible and theoretical minimum risk – counterfactual deﬁ-
nitions. Especially the feasible (only used for schistosomiasis) but also
the plausible minimum risk exposure levels represent interim levels on
which further improvements are possible and necessary. These interim
exposure levels should be replaced with the theoretical minimum risk
exposure distribution of safely managed water and sanitation, access to
essential hygiene conditions and practice of essential hygiene beha-
viours when the available evidence allows this. The JMP currently
provides country-level data for access to safely managed drinking water
and sanitation services only for a limited number of countries (WHO
and UNICEF, 2018b). In addition, there is to date no matching ex-
posure-response relationship from meta-analysis between safely man-
aged drinking water or sanitation and disease outcome. Even the the-
oretical minimum risk exposure distribution might underestimate the
true WASH-attributable disease burden which is supported by evidence
of residual WASH-attributable diarrhoea burden in high-income coun-
tries (Gunnarsdottir et al., 2012; Setty et al., 2017). Evidence on health
impacts of Water Safety Plans which are implemented increasingly
throughout the world (WHO and IWA, 2017) could potentially
strengthen the theoretical minimum risk exposure distribution for
burden of disease assessment and add estimates for high-income
countries in the future (Gunnarsdottir et al., 2012; Setty et al., 2017).
Exposure levels do also not include bottled or packaged water which is
used increasingly in many countries (statista, 2016). Bottled water was
frequently shown to be of high microbial quality (Bain et al., 2014;
Fisher et al., 2015; UNICEF and WHO, 2015; Williams et al., 2015;
Wright et al., 2016) and was associated with a decreased risk for
diarrhoea compared to piped water (Sima et al., 2012). Both country-
level exposure data and the matching exposure-response relationship
between bottled water use and health outcome are currently lacking.
Changing from a feasible or plausible minimum risk exposure level to a
theoretical minimum risk exposure level as the counterfactual for
WASH-attributable disease burden estimation (relevant for diarrhoea,
acute respiratory infections, malnutrition, and schistosomiasis) might
considerably increase WASH-attributable disease burden estimates.
This is supported by historical evidence of large reductions of child and
overall mortality following improvements towards safely managed
water and sanitation infrastructure in high-income countries (Alsan and
Goldin, 2018; Bell and Millward, 1998; Cutler et al., 2006).
The WASH-attributable burden of disease assessment from most
included diseases is based on WASH interventions, many of which were
poorly implemented, had low compliance and promoted or installed
technologies with disputable eﬀectiveness. Therefore, the estimated
WASH-attributable disease fractions can be interpreted as estimates of
the fractions of disease preventable through implementing theseT
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interventions. We do adjust the diarrhoeal disease burden estimates for
the likely overestimation of health impacts due to non-blinding by
adjusting the results of each non-blinded point-of-use drinking water
and hygiene intervention (Wolf et al., 2018a, 2014). This approach
down-weights biased studies and – in our case – results in reduced es-
timated health impacts. The above cited issues on poor WASH inter-
ventions are however likely to underestimate the disease burden attri-
butable to inadequate WASH. This is one more reason why our
assessment assures conservative estimates which are at the lower end of
the assumed truth. The WASH-attributable disease burden estimates
from diarrhoea, soil-transmitted helminth infections and protein-energy
malnutrition have undergone country consultations which ensure the
use of all available and eligible exposure and disease data and com-
patible data categories.
The formula combining disease burden estimates from water, sa-
nitation and hygiene (eq. (2)) assumes that risk factors are in-
dependent (Steenland and Armstrong, 2006). This assumption is likely
to be an oversimpliﬁcation for WASH as, for instance, handwashing
promotion is unlikely to be eﬀective if water quantity is limited.
However, this approach has been applied in the assessment for ease of
interpretation of the results, and in the absence of a more suitable
approach.
WASH-attributable morbidity for some diseases in our analysis
(diarrhoea, schistosomiasis) is estimated separately for the diﬀerent
components of WASH (water, sanitation and hygiene are analysed in
three separate models). This approach ignores that the diﬀerent WASH
components aﬀect disease in conjunction. The meta-regression model
(Wolf et al., 2018a) that was used to generate the exposure-response
relationships between WASH and diarrhoea, however adjusted for
baseline WASH of the other categories and included further covariates.
A multi-risk model might nevertheless be the preferred approach for
WASH-attributable disease burden assessment in the future. Including
all three WASH components in one model would also take account of
the fact that the three risk factors (inadequate water, inadequate sani-
tation and inadequate hygiene) are often likely to vary simultaneously,
e.g. improving access to or use of water facilities might improve hy-
giene behaviours and sanitation at the same time.
The here presented WASH-attributable burden of disease estimates
required diﬀerent assumptions. We show through diﬀerent sensitivity
analyses that disease burden estimates can change by as much as a
factor of two depending on assumptions, applied exposure-response
relationships and counterfactual deﬁnitions. Especially the WASH-at-
tributable schistosomiasis disease burden estimates, generated using
the feasible minimum risk exposure distribution, are likely to be un-
derestimated. Accordingly, estimates based on expert survey were
considerably higher. Care should be taken to consider the approximate
nature of the estimates which are however suitable to gauge the size of
the problem, to compare the relative importance of diseases and risk
factors and to monitor changes over time.
The attributable burden signiﬁes the reduction in current or future
disease burden if past exposure to a risk factor had been equal to the
counterfactual exposure distribution (Murray et al., 2003). An as-
sumption that is made when stating the PAF is that the formerly ex-
posed group immediately attains disease risk of the unexposed group
after removal or reduction of the exposure (Kowall and Stang, 2018;
Rockhill et al., 1998). This is often not the case and additionally diﬀers
between diﬀerent health outcomes. For example, diarrhoea disease
reduction is likely to happen more immediate than changes in nutri-
tional status, universal water resource management may take a con-
siderable time to implement but once it is established disruption of
mosquito habitats will probably follow quite quickly. These diﬀerent
time lags that are not apparent from the PAF need to be considered and
are important for interpreting results, prevention eﬀorts, research and
policy.
5. Conclusions
An important fraction of overall deaths and DALYs in low- and
middle-income countries is attributable to inadequate WASH. Burden of
disease estimates have an approximate nature as they do not capture
the complete list of WASH-attributable adverse health outcomes, ex-
posed settings and populations and are dependent on assumptions,
exposure-response functions and chosen counterfactual deﬁnitions that
are often still based on imperfect WASH interventions.
To improve estimates of health beneﬁts from WASH there is a need
for well-designed trials that evaluate the eﬀectiveness of safely man-
aged water and sanitation services, access to essential hygiene condi-
tions and practice of essential hygiene behaviours that reach high
coverage and use in the communities. To improve health outcomes
there is a strong need for research on implementation systems, inter-
vention quality and intermediate outcomes such as exposure to faecal
pathogens in the community. Additionally, data from high-income
countries on WASH exposure distributions and exposure-response re-
lationships might strengthen future deﬁnitions of the theoretical
minimum exposure distribution and might enable more comprehensive
WASH disease burden assessments.
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